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The electronic excited states of some platinum(II), rhenium(I) and ruthe-
nium(II) complexes with diimine ligands were studied with spectroscopic
and computational tools. This type of complex can form charge-transfer
(CT) excited states which are potentially useful for solar energy applica-
tions. fac-[Re(CO)3(N bN)L] complexes are discussed rst. The complexes
form luminescent CT states where an excited electron is localized on the
NbN ligand. Resonance Raman spectroscopy shows how the origin of this
excited electron can change from ligand-based to metal-based depending on
donating ligand L. Variations in theNbN ligand in Re(I) complexes are also
studied. Time-resolved infrared spectroscopy shows how complexes with
2-pyridyl-1,2,3-triazole (pytri) ligands form excited states with a smaller
degree of charge separation than is typically seen. [Ru(pytri)(bpy)2]2+
complexes are shown to form CT states which are comparable to those of
[Ru(bpy)3]2+ where an excited electron is localized on a bpy ligand. How-
ever, the pytri complexes have unusually short excited state lifetimes due
to rapid formation of metal-centered triplet states (3MC) which are char-
acterized using density functional theory (DFT) calculations. A series of
square-planar Pt(II) complexes containing pytri ligands with various donor
ligands (chloride, phenylacetylide, catechol and benzenedithiol) are exam-
ined next. The ligand donor strength can control whether the complex is
luminescent by adjusting the relative energies of the 3MC and CT states.
Resonantly enhanced Raman bands associated with the pytri ligand are
very consistent across the series. The catecholate and dithiolate complexes
have an unexpected ordering of their CT absorption bands which is not
predicted by DFT calculations. Finally, complexes in which an organic
electron donor is appended are discussed. This brings about an additional
CT state which adds an additional layer of complexity to the systems stud-
ied in previous chapters. The light-harvesting ability of the complexes is
increased but their photophysical properties also change drastically.
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Global power consumption is expected to be 27 terawatts by 2050.1 Given that
170,000 terawatts of sunlight strikes the earth's surface, solar energy is the most
obvious choice for renewable energy.2 Current solar cells are for the most part
silicon-based devices. Although solar cells are thought of as being environmentally
friendly, the solar industry as a whole was not a net producer of energy until
the year 2011.3 This is largely due to the extremely energy intensive process of
reducing SiO2 to Si and purifying it.4 Many alternatives to silicon cells have been
developed but not yet heavily commercialized. A type of non-silicon cell called a
dye-sensitized solar cell57 (DSSC) is discussed here. The metal complexes studied
in this thesis can be thought of as models for dyes used in DSSCs. A more detailed
discussion of dyes used in DSSCs can be found in Chapter 6. The experiments are
typically performed in solution rather than actual devices.
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1.1.1 Dye-Sensitized Solar Cells
One type of solar cell is called the dye-sensitized solar cell or DSSC. The work-
ing principle behind these devices (Figure 1.1) is perhaps the most intuitive for
chemists to understand. At the core of the DSSC is a dye molecule also called
the sensitizer (S). The most well known dyes are Ru(II) coordination complexes
such as N719 shown in Figure 1.2. In the classic anodic DSSC design, the dye
is bound to the surface of a semiconductor particle (usually TiO2). For dyes
like N719 this is facilitated by the carboxylate groups on the dcb (4,4'-dicarboxy-
2,2'-bipyridine) ligands.8,9 Photoexcitation of N719 produces a metal-to-ligand
charge-transfer (MLCT) excited state. This excited state of N719 is a stronger
reductant than the ground state which allows an electron to be injected into the
conduction band of TiO2.10
Ideally the following steps occur in a DSSC: 1. Absorption of visible light
causes electronic excitation within the dye (usually producing an MLCT state). 2.
The energy of this excited electron is used to produce a voltage and perform work.
In order to do so the electron must be transferred from the excited dye molecule
(S) to the nanoparticle to which it is bound, a process called interfacial charge
separation (ICS). 3. The injected electron percolates10 through the semiconductor
to a conductive electrode connected to an external circuit where the energy is
utilized. 4. The oxidized dye molecule (S+) is reduced by an electron donor so
that it may undergo further turnovers. Often the electron donor is iodide in a
solution with its redox partner triiodide which can be thought of as an equivalent
of atomic iodine (I).11 5. Completion of the circuit through a counter-electrode
results in re-reduction of triiodide to iodide.
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Figure 1.1: Schematic diagram of the chemical processes in an anodic dye-
sensitized solar cell. Favorable processes are labeled in blue, unfavorable
processes are in red.
Figure 1.2: N719, the prototypical dye for DSSCs.
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Many undesirable competing processes also occur in DSScs which reduce their
eciency. These include relaxation of the excited dye prior to ICS (Step I). Other
possibilities are charge recombination between the injected electron or the excited
dye and either an oxidized dye molecule or triiodide (Steps II, III and IV). Due
to the complex kinetics involved it is dicult to improve performance in one aspect
of a cell without reducing it elsewhere.
The main concern of chapters 3 through 5 in this thesis is step 1, where the dye
is excited to an MLCT state. Chapter 3 discusses Rhenium(I) complexes which
are often thought of as models for DSSC dyes. Chapter 4 discusses Ruthenium(II)
complexes which are often used as DSSC dyes. Chapter 5 discusses Platinum(II)
complexes which have been used in DSSCs and other photochemical devices. In
chapter 6, complexes of these three metals in which organic electron-donors are
appended are studied.
1.2 Electronic Excited States
The experimental techniques used to probe and elucidate excited states may gen-
erally be divided into two categories based on what kind of excited state is being
probed. Electronic absorption spectroscopy and resonance Raman spectroscopy
are used to probe the immediate excitation of a molecule to a Franck-Condon
(FC) state. FC excited states are dened as those immediately formed upon ex-
citation. The Born-Oppenheimer approximation12 is generally used to describe
them. That is, the nuclei are assumed to be in the same position as they were
in the ground state because they move much slower than electrons. On the other
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hand, transient electronic absorption (TA), transient emission (TE) and time-
resolved infrared (TRIR) spectroscopies probe the post-FC excited states and can
ultimately monitor the return to the ground state over time. Excited states formed
after the FC state are called thermally equilibrated excited (THEXI) states.
1.3 Experimental Techniques
1.3.1 Raman Spectroscopy
A large portion of research in this thesis utilizes Raman spectroscopy. In Raman
spectroscopy, molecules are illuminated with a monochromatic light source and
about 1 in 1,000,000 undergo Raman scattering. The Raman scattered photons are
then detected and analyzed. The photons are scattered inelastically, meaning that
they either gain or lose energy from the sample. This is in contrast to Rayleigh
scattering in which the photons do not undergo a change in energy, but only
direction. The rst Raman spectrum ever recorded was of CCl4.13 The radiation
used was a blue line from a mercury lamp at 435.8 nm. The original spectra, which
were recorded photographically, are shown in Figure 1.3 along with the spectrum
of the mercury line alone and another spectrum of CCl4 recorded on a modern
Raman spectrometer using a laser for excitation. In the photographic spectrum
the mercury line appears due to Rayleigh scattering. The lines to either side of it
are Raman bands. To the left of it are the anti-Stokes Raman bands which are at a
higher energy than the 435.8 nm line and to the right are the Stokes bands which
have lower energy. The Raman bands are shifted by an amount called the Raman
shift which is equal to the energy of a molecular vibration and usually reported
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in cm 1. Although many uses for anti-Stokes Raman have been found1416 this
thesis only considers Stokes scattering.
A classical physics-based model of the Raman eect is able to correctly predict
a dependence of the intensity of Raman scattering on the fourth power of frequency
of the excitation laser (l).17 However, there is a deviation from this 4l dependence
of Raman scattering intensity due to the resonance Raman eect which cannot
be explained with classical mechanics. It was rst pointed out in the 1970's that
vibrational modes which mimic the structural distortion of a molecule which occurs
upon excitation into an FC state are enhanced over other bands.18 This is now
referred to as Tsuboi's rule. Tsuboi noted that Raman spectra acquired with laser
wavelengths close to one of ammonia's absorption bands show strong enhancement
of a band associated with a vibrational mode described as an umbrella motion of
the hydrogen atoms. The explanation for the enhancement of this mode is that
the excited state of ammonia is planar and the hydrogen atoms must undergo
an umbrella-like motion in order to transition from its trigonal pyramidal ground
state to the planar excited state.18
In order to quantitatively understand resonance Raman enhancement two
methods have been developed. The rst is Albrecht's sum-over-states approach19
in which the Born-Oppenheimer approximation is used to separate each vibronic
state into a product of the electronic and vibrational wave functions. The tran-
sition dipole moment is expanded as a Taylor series in the nuclear coordinates.
This allows the Raman transition polarizability to be represented as a sum of
terms, where the rst is the A term (FC) and the second is the B term (Herzberg-
Teller). The other is the time-dependent approach to Raman scattering which
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Figure 1.3: (a) Spectrum of a mercury arc in the region of 435.83 nm. (b)
Rayleigh and Raman spectra of CCl4 using the 435.83 nm line. (c) Rayleigh
and Raman spectra of CCl4 excited by an argon ion laser at 487.99 nm.
This gure was reproduced from Reference 17 with permission from the
publisher. The spectra in (a) and (b) were originally reported by Raman
and Krishnan in Reference 13.
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was developed by Lee and Heller.20 Wavepacket dynamics is used to describe the
time-dependent overlap of the nal state with the initial vibrational wavefunc-
tion which propagates over the excited-state potential energy surface. Unlike the
vibronic theory, the time-dependent method avoids the computationally heavy
summation over all intermediate vibrational states. It is possible to calculate vi-
brational mode-specic reorganization energies and bond length changes which are
experimentally very dicult to ascertain using resonance Raman when the time-
dependent approach is applied.21 Neither of these models is used in this thesis and
instead a more qualitative picture of resonance Raman is used for characterizing
excited states.
1.3.2 Time-resolved IR spectroscopy
Time-resolved infrared spectroscopy (TRIR) is a powerful method for probing
excited state dynamics. In TRIR a sample is pumped into an electronic excited
state using a UV or visible laser pulse followed by an IR laser pulse. The delay
between the excitation and IR probe pulses is varied in order to generate time-
resolved . There have been many dierent variations on this technique since its
inception in the 1950s.22 Usually dierence spectra are generated by acquiring
IR spectra with and without the pump pulse so that excited state bands appear
as positive peaks and ground state bands appear as negative peaks. Platinum(II)
acetylide and Re(I) tricarbonyl complexes are especially amenable to TRIR studies.
This is due to the spectrally strong and isolated CC and CO stretching bands
present in these molecules. Other vibrations can be studied as well but these are
especially strong bands in which there are often distinct dierences between the
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ground and excited state species which are straightforward to assign. The time
resolution of TRIR is typically on the order of hundreds of femtoseconds. TA often
gives ambiguous results compared to TRIR simply due to the fact that electronic
absorption bands are generally broader than vibrational bands. TRIR is still fast
enough that the excited state molecules are often not yet relaxed to the THEXI
state. This is manifested as vibrational cooling in which bands initially appear
at lower frequency due to anharmonicity but relax to a higher frequency within a
few picoseconds as the THEXI state is formed.2327
1.4 Density Functional Theory
Density Functional Theory (DFT) has emerged as the most popular computational
chemistry method.28 It has taken the place of semi-empirical and Hartree-Fock
calculations which were once very commonly used.29,30 Correlated wavefunction
methods typically perform better than DFT but are only feasible for very small
molecules.3133 DFT is based on the so called Kohn-Sham (KS) equations. The
KS equations eectively simplify the many body interactions of the nuclei and
electrons found in a molecule into a single particle problem. Rather than nding a
wavefunction for each individual electron within a molecule, the electron density
 is determined. The total energy EDFT becomes a functional of , as shown in
Equation 1.1.
EDFT [] = Ekin[] + Eext[] + Exc[] + EH [] (1.1)
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In this equation Ekin is the kinetic energy of the electrons, EH is the Coulomb
repulsion term (sometimes called the Hartree interaction energy) and Eext is the
interaction energy of the electron density with an external eld, including the nu-
clei and any applied eld. Finally, Exc is the exchange-correlation functional (XC)
which encompasses everything which is neglected or approximated in the other
three terms. The most important components of Exc are the electron exchange
and dynamic electron correlation. Solving the KS equations exactly would yield
the ground state density and energy for the system which would be equivalent to
solving the Schrödinger equation. Unfortunately, no known correct XC functional
exists so various approximations are instead relied upon.
Exchange-correlation functionals are usually classied according to the approx-
imations upon which they rely. The three most commonly used approximations
are the local-density approximation (LDA), the generalized gradient approxima-
tion (GGA) and meta-generalized gradient approximation (mGGA). All of these
are usually based upon a model called the homogeneous electron gas. Within each
of these groups other approximations are made and thus many XC functionals
have been proposed.34,35
All of these XC functionals suer from a few of the same shortcomings.36
They cannot properly describe simple molecules such as H2+ due to a problem
called self-interaction error.37 Simply put, when the electron density represents
a single electron, the electron becomes correlated with itself which is unrealistic.
Transition states, in which bonds are often stretched, resemble H2+ in a sense and
are not well described by DFT either. Interestingly, the seemingly more primitive
Hartree-Fock (HF) theory is able to describe certain systems more accurately than
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DFT.29
This realization resulted in the development of so-called hybrid DFT methods
in the 1990s which seek to balance the shortcomings of both DFT and HF.38,39
These methods use a mixture of DFT and HF to describe electron exchange. As
HF theory does not account for electron correlation, DFT is used for this compo-
nent. There are also newer "dual-hybrid" functionals which include Møller-Plesset
theory for electron correlation.4042 Two hybrid functionals are used in this thesis,
PBE0 and B3LYP. PBE043 (sometimes called PBE1PBE) is a hybrid functional
incorporating 25% HF exchange39 along with a GGA correlation functional called
PBE.44 B3LYP38 is likely the most popular DFT method found in the literature.45
It uses 20% HF and 80% DFT exchange (a mixture of both LDA and GGA).38
Generally, the main purpose for performing DFT calculations here is for mod-
eling Raman and electronic absorption spectra. This begins by choosing a model
(basis set and functional) and selecting a starting molecular geometry (a crystal
structure, if possible). Then a geometry optimization is performed in order to
nd the lowest energy structure (a local minimum). Harmonic frequencies are
then calculated along with Raman activity and IR intensities.
Electronic absorption spectra can be modeled with the time-dependent varia-
tion of DFT (TD-DFT).34 The foundation of TD-DFT is the Runge-Gross theorem
which is essentially a time-dependent form of the Hohenberg-Kohn theorem.30,46
In principle TD-DFT can be used to calculate the response of a system to either
magnetic or electric elds.30 The most commonly used form however is called
linear-response TD-DFT which is concerned with the response to weak electric
elds.30,47 This can be used to calculate excitation energies and oscillator strengths
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of electronic transitions. Mulliken analysis can be used to characterize the elec-
tronic transitions by determining what parts of a molecule contributes electron
density and what parts receive it.48,49
The results of TD-DFT calculations are known to be very sensitive to the XC
functional used.34 The amount of Hartree-Fock exchange used by the functional is
especially important.5052 Most of the electronic transitions studied in this work
are of CT character. Functionals which perform well for calculating ground-state
properties ofter perform poorly when used for TD-DFT calculation of CT tran-
sitions. This is related to self-interaction error. If a pair of neutral molecules
undergoes charge transfer to form a pair of oppositely-charged molecules they will
experience Coulombic attraction inversely proportional to the distance R between
them. Since pure DFT functionals do not show 1/R dependence it cannot correctly
model CT transitions.29 In contrast, HF theory gives the correct 1/R relationship
but has other shortcomings. Hybrid functionals therefore typically perform best
for TD-DFT calculations, especially in the case of CT transitions.30
Chapter 2
Experimental Methods
The methodology and instrumentation described here pertain to most of the exper-
iments performed in this thesis. Data interpretation, baseline correction and peak
tting of Raman and emission data were carried out using Grams 9.1 (Thermo,
Inc.). Kinetic analysis and visualization of spectra was carried out using OriginPro
9.0 (OriginLab, Inc.). All solvents were spectroscopic or HPLC grade and were
used without further purication.
2.1 Electronic Absorption Spectroscopy
Electronic absorption spectra were acquired using an Ocean Optics USB2000+UV-
VIS-ES with deuterium and tungsten lamps. Calibration was performed with
mercury and neon-argon lamps.
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2.2 Resonance Raman Spectroscopy
Several dierent lasers were needed to provide the wide range of excitation wave-
lengths used for resonance Raman spectroscopy. A continuous-wave Innova I-302
krypton-ion laser (Coherent, Inc.) provided ex of 351, 356, 407, 413 and 568 nm.
An Innova Sabre argon-ion laser (Coherent, Inc.) provided ex 458, 488 and 515
nm. This was later replaced by four diode-pumped solid state (DPSS) lasers (Crys-
taLaser, Inc. or Cobolt, AB) for ex of 375, 458, 491 and 515. The wavelengths
448 nm, 532 nm and 594 nm were also obtained from DPSS lasers (CrystaLaser,
Inc.). The beam from the gas lasers was passed through a Pellin-Broca prism and
a pair of irises to spatially lter out undesired wavelengths. The beam from the
594 nm laser was passed through a 633 nm short-pass lter to remove an emission
line at 670 nm. The laser beam was focused on a spinning sample tube, arranged
in an obtuse-angle (approximately 135°) backscattering geometry. Plano-convex
lenses were used to collect, collimate and focus Raman scattered photons onto the
entrance slit of a spectrograph (30 to 80 m). Most spectra were acquired with a
Acton Research SpectraPro 500i spectrograph (0.5 m, f/6.5) with a 500 nm blazed
1200 groove/mm diraction grating coupled to Spec-10:100B CCD (Princeton In-
struments). This system was supplanted by a Princeton Instruments IsoPlane-320
spectrograph (0.32 m, f/4.6) with a 500 nm blazed 1200 groove/mm diraction
grating mated to a PyLoN CCD. Long-pass or notch lters (Semrock, Inc. or
Kaiser Optical, Inc.) were used to lter Rayleigh scattered photons prior to the
spectrograph slit. Wavelength calibration was performed using a 1:1 mixture by
volume of toluene and acetonitrile, which provides reference peaks throughout the
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measured range.53
2.3 Non-resonant Raman Spectroscopy
Non-resonant Raman spectra were generally acquired at ex=1064 nm using a
Fourier Transform (FT) Raman spectrometer. FT-Raman spectra were obtained
typically obtained from neat solids or dilute mixtures in KBr. Either a Bruker
MultiRam II spectrometer or Bruker Equinox 55 interferometer with FRA-106
Raman module was used. A D418T liquid-nitrogen-cooled germanium detector
and Nd:YAG laser were used for detection and excitation, respectively. Spectra
acquired using FT-Raman were sometimes unacceptable due to strong emission
backgrounds or noise in the range of 20002300 cm 1 range due to water vapor.
These samples were studied at ex=785 or 830 nm. The 830 nm system is a
portable iRaman spectrometer from B&W Tek, Inc. which uses ber optic coupled
200 mW DPSS Laser and CCD in a 180° back-scattering arrangement. The 785 nm
system is a low-frequency Raman system using an 75 mW DPSS laser for excitation
in a similar arrangement to the resonance Raman system.54 A PIXIS CCD coupled
to an LS785 spectrograph (Princeton Instruments) was used for detection.
2.4 Steady-State Emission Spectroscopy
Emission spectra were acquired using a Princeton Instruments 2150i spectrograph
(0.15 m, f/4.0) and PIXIS CCD. A pair of plano-convex lenses was used as in the
resonance Raman experiments. Samples were contained in 1 cm quartz cuvettes,
held in a TLC 50/E temperature controller (Quantum Northwest) and excited by
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a 448 nm or 355 nm DPSS laser (CrystaLaser, Inc. or Cobolt, AB) or the 351 nm
line of the krypton-ion laser. Emission quantum yield (E) measurements were
performed using the dilute solution method described by Crosby and Demas 55 .
[Ru(bpy)3]Cl2 was used as the reference standard (ref = 0.042 in air-equilibrated
water at 298 K).56 Six or more solutions of the unknown and reference with ab-
sorption values at the excitation wavelength of 0.1 or less. The integrated emission
intensity was plotted against absorption at ex for each sample along with a solvent
blank. The gradient (m) of emission intensity with absorption was determined by
a least-squares t. The quantum yield of the unknown relative to the reference was
determined with equation 2.1 where n is the refractive index of the solvent, nref











2.5 Transient Emission and Transient Absorp-
tion Spectroscopy
Excited state emission and absorption transients were acquired using a LP920K
transient absorption (TA) system (Edinburgh Instruments). Samples were con-
tained in 1 cm quartz cuvettes which were held in a TLC 50/E temperature
controller (Quantum Northwest) and excited by the second (532 nm) or third
harmonic (355 nm) of a Quantel Brilliant Q-switched Nd:YAG laser operating at
1 Hz with a pulse width of about 6 ns. The probe was a pulsed 450 W Xe900 xenon
arc lamp. Photons from emission or the probe lamp were dispersed by a monochro-
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mator, detected with a R928 (Hamamatsu) photomultiplier and transcribed with a
TDS3012C (Tektronix) oscilloscope. The system was controlled using LS900 soft-
ware (Edinburgh Instruments). An emission background correction was applied
to the TA spectra as part of the change in optical density calculation (Abs).
2.6 Time-Resolved Infrared Spectroscopy
Time-resolved infrared spectroscopy was carried out at the laboratory of Prof.
Michael W. George at the University of Nottingham. The output from a commer-
cial Ti:sapphire oscillator (MaiTai)/regenerative amplier system (Spitre Pro,
Spectra Physics, 800 nm, 150 fs) was split and used to generate 355 nm pump
pulses and a tunable mid-IR pulse with a spectral bandwidth of 180 cm 1 and a
pulse energy of ca. 2 J at 2000 cm 1. A portion of the IR pulse was reected
onto a single-element mercury cadmium telluride (MCT) detector (Kolmar Tech-
nology) to serve as a reference, and the remainder serves as the probe beam, which
was focused and overlaps with the pump beam at the sample position. The 355
nm pump pulse was optically delayed (up to 3 ns) by a translation stage (LMA
Actuator, Aerotech) and focused onto the sample with a quartz lens. For the ns-
TRIR experiments, the output of a Q-switched Nd:YVO4 laser (355 nm) was used
as the pump. This was synchronized to the Spitre Pro amplier. In this case the
delay was controlled by a pulse generator (DG535, Stanford Research Systems),
allowing for delays from 0.5 ns to 100 s. The focus spot of the probe beam was
adjusted to be slightly smaller than that of the pump beam in order to ensure that
the area probed corresponds to excited molecules. The broad-band-transmitted
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probe pulse was detected with an MCT array detector (Infrared Associates), which
consists of 128 elements (1 mm high and 0.25 mm wide). The array detector was
mounted in the focal plane of a 250 mm IR spectrograph (DK240, Spectral Prod-
ucts) with a 150 groove/mm grating, resulting in a spectral resolution of ca. 4
cm 1 at 2000 cm 1. The signals from the array detector elements and the single-
element detector are amplied with a 144-channel amplier and digitized by a 16-
bit analogue-to-digital converter (IR-0144, Infrared Systems Development Corp.).
Samples were deoxygenated using a series of three freeze, pump, thaw cycles. A
owing solution cell (Harrick Scientic Products Inc.) was used with 2 mm thick
CaF2 windows and a path length of about 350 m. The cell was rastered during
the experiment while fresh sample solution was owed though it in order to reduce
photodegradation.
Ground state IR measurements were acquired on a Nicolet Nexus 870 FT-IR
with 4 cm 1 resolution before performing TR-IR measurements.
2.7 Computational Chemistry Methods
All calculations were carried out using the Gaussian 09 (Gaussian, Inc.) computa-
tional chemistry program (revision A.02 or E.01). The hybrid functionals B3LYP
and PBE0 were used for all calculations. Pople split-valence basis sets57 were used
for all atoms except metals (typically 6-31G(d)). Eective core potentials (ECP)
were used for metal atoms. The ECPs used were LANL2DZ58 and SDD.59 Sol-
vation modeling was carried out with the integral equation formalism version of
the polarizable continuum model (PCM).60 Geometry optimizations were carried
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out followed by frequency calculations and TD-DFT calculations. The keywords
opt=tight or opt=verytight were used when the default settings resulted in op-
timized structures with imaginary frequencies.
Mulliken analysis of molecular orbitals and TD-DFT transitions was performed
using GaussSum.48,49 For TD-DFT calculations, contributions of wavefunction




2 . Contributions below 10% of the total are not reported.
Molecular orbital visualization was carried out using GaussView 5.0 (Gaussian,
Inc.) using isovalues of 0.02. Visualization of vibrational modes was performed
using the Molden package.61
The output from computational frequency calculations includes a parameter
called the Raman activity (Ri) for each normal mode in units of Å4 amu 1. This
quantity is independent of the laser wavelength used and therefore must be ad-
justed for the 4 eect. It is also independent of temperature and assumed to
be in the gas phase. The dierential Raman cross-section (j) is proportional to
the detected Raman intensity if adjustments are made for variations in the exper-
imental sensitivity to dierent frequencies of light. Therefore a plot of intensity
based on the dierential Raman cross-section53,62 can be used as a comparison to
experimental non-resonant Raman spectra. A calculation of j for the Stokes spec-
trum can be broken down into 6 terms (equation 2.2).62 The program GaussSum49
was modied and used to produce simulated Raman spectra from the output of
Gaussian calculations by extracting the calculated frequencies and Raman activ-
ities. The calculated harmonic vibrational frequencies were scaled by a factor of
0.975. This is due to DFT's tendency to overestimate frequencies.6366 The 0.975
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scale factor has been shown to work well in several previous studies6772 although
smaller factors are often recommended when using hybrid functionals.6365
j = C  LB
2
i Ri  
4
R K(T ) (2.2)
C = 2=(45"20) is a constant.
L is a constant which adjusts for the local eld eect. In the gas phase L = 1









is the square of the zero point amplitude of the normal mode in
reduced mass coordinates. i is the vibrational frequency of the normal mode.
Ri is the Raman activity given by Gaussian calculations. It is calculated from
the isotropic and anisotropic invariants of the Raman tensor k and k.
The term 4R is used to adjust for the dependence on wavelength as discussed
previously. R is the dierence in frequency between the vibrational mode (i)








is included to account for thermal population of the
vibrational mode.
Because absolute Raman cross-sections are not reported the constant C and L
terms can be ignored.
Chapter 3
MLCT States of Rhenium(I)
Complexes
3.1 Background
fac-[Re(I)(CO)3(N b N)L] complexes are d6 metal complexes which have been
very heavily studied and utilized in a variety of applications.7478 They have a
number of qualities which make them ideal model systems for studying MLCT
states. Firstly, they are structured such that there is typically only a single elec-
tron acceptor-type ligand (N b N). This avoids complications from competing
MLCT states localized on dierent ligands as in Ru(II) complexes. The initially
formed 1MLCT state undergoes very rapid ISC to form a 3MLCT state with a unit
quantum eciency.79 Secondly, the carbonyl ligands cause the d-d splitting to be
large in these complexes which reduces complications arising from d-d states which
plague the photophysics of most other d6 complexes.8083 The carbonyl ligands
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also act as excellent spectroscopic handles for Raman and IR studies.78,8486 The
axial ligand L also tunes the d orbital energies which in turn tunes the MLCT
energy. Furthermore, the complexes are relatively easy to synthesize.
fac-[Re(bpy)(CO)3Cl] is the prototypical complex of this type which was rst
reported in 197487 (bpy = 2,2'-bipyridine). In dichloromethane at 298 K the
complex has an absorption maximum at 386 nm and a structureless emission band
with a maximum at 622 nm. Under argon the excited state lifetime is 51 ns and the
emission quantum yield (E) is 0.5%. In a landmark paper Caspar and Meyer88
showed that fac-[Re(bpy)(CO)3L] complexes obey what is known as the energy
gap law. By varying L the emission wavelength could be tuned as short as 536
nm. The ligands used were 4-(N,N-dimethylamino)pyridine, 4-aminopyridine, N-
methylimidazole, 4-aminopyridine, pyridine, trimethylphosphine and acetonitrile.
These axial ligands are increasingly -accepting in nature compared to Cl . This
causes an increase in the d-d energy splitting which results in a higher MLCT
energy.89 The excited state lifetimes ( ) and quantum yields (E) also change
dramatically with the bluest emitting complexes having higher quantum yields and
longer emission lifetimes. The quantum yield and lifetime can be used to calculate
the radiative and non-radiative decay rate constants kr and knr using equations
3.1 and 3.2. The emission energy was shown to vary linearly with ln(knr). This
relationship is predicted by a weak vibrational coupling model.8991 Because many
other factors control emission quantum yields and lifetimes the energy gap law
only applies within a small group of closely related compounds.89 For instance,
replacement of bpy by 1,10-phenanthroline (phen) results in lower non-radiative
decay rates.89 This chapter will discuss an example of how the photophysics of
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Figure 3.1: Ground state FT-IR spectra in the CO stretching region of
[Re(CO)3(bpy)Cl] in MeCN with diagrams depicting the symmetry of the
three CO stretching modes. Reproduced with permission from Reference
85.










Time-resolved IR spectroscopy has been used to study this class of compound
due to their strong carbonyl stretching bands.86 Figure 3.1 shows the ground
state FT-IR spectrum of [Re(CO)3(bpy)Cl] in the carbonyl ligand stretching re-
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gion. When N b N is a symmetric ligand such as bpy, the molecule belongs
to the Cs point group. Two totally symmetric stretches (a'1 and a'2), and an
asymmetric stretch (a) are found between 1850 and 2100 cm 1.85 The a'2 band
has the lowest frequency while a'1 has the highest. The a mode is typically at
slightly higher frequency than a'2 but cannot always be resolved as a separate
peak.25,84 Upon photoexcitation to the MLCT state the bands shift to higher
frequencies due to a decrease in electron density on the {Re(CO)3} center and
concomitant decrease in CO  backbonding. In order to assign the excited state
bands correctly a 2-dimensional IR technique is required. For the closely related
complex [Re(CO)3(dmb)Cl] (dmb = 4,4'-dimethyl-2,2'bipyridine) it was shown
that the ordering of the a'2 and a bands is reversed upon photoexcitation.92 The
a'2 band shifts the most out of the three bands which is likely the case for all
fac-[Re(I)(CO)3(N bN)L] complexes. There are many factors which control the
magnitude of CO frequency shifts.84,93 Electron-withdrawing groups attached to
N b N ligands have the eect of increasing charge separation in MLCT states
which results in larger shifts in CO stretching frequencies25,27,94 whereas electron-
donating groups result in smaller shifts.94,95 Section 3.3 examines Re(I) complexes
with 2-pyridyl-1,2,3-triazole N bN ligands which have dierent donating and ac-
cepting properties compared to bpy and phen.
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3.2 Axial Ligand Eects on the Photophysical
Properties of Re(I) Complexes
This section discusses the inuence of the axial ligand L on the photophysical prop-
erties of fac-[Re(bpy)(CO)3L] and fac-[Re(phen)(CO)3L] complexes. The use of
tetrazole and tetrazolate ligands is a relatively unexplored area of research. Tetra-
zol(at)es can potentially bind to metals through four nitrogen atoms and have
been used to create multinuclear complexes with interesting coordination geome-
tries.96,97 Furthermore, they have pKa values which are similar to a carboxylic
acids.98 This can allow for pH control over the behavior of complexes containing
this ligand.
3.2.1 The Complexes
The para-substituted 5-aryl tetrazolate ligands were studied in conjunction with
both bpy and phen ligands. The R substituent para to the tetrazolate allows for
tuning of the ligand's electronic properties which should in turn tune the photo-
physics of the complexes. The tetrazolate complexes (L=tet-R) are synthesized
by substituting the MeCN ligand in fac-[Re(NbN)(CO)3(MeCN)] with a tetrazo-
late. NMR and X-ray crystallography data show that the ligands bind preferably
through N2 as shown in 3.2.98 When triic acid is added to a solution of the tetra-
zolate complex the corresponding cationic tetrazole complex is formed (L=H+tet-
R). The tetrazole ligands also bind the metal through N2 and the proton attaches
to N4.98 Methyl triate was used to methylate the ligand rather than protonating
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it to form 4-Methyl tetrazole Re(Me+tet) complexes as shown in Figure 3.3. In
these complexes both N1- and N2-coordinated forms exist in solution according
to 13C NMR spectra.99 Some of the complexes crystallized with Me+tet-R bound
through N1 while other crystallized with it bound though N2. DFT calculations
predict a very small energy dierence between the two isomers so the preference
for one isomer over the other in the solid form seems to be a result of packing
forces. The N1 form is predicted to be between 4.0 and 8.5 kJ/mol higher in en-
ergy. Because N2 is the exclusive isomer for the other complexes it seems to be the
preferred atom for binding to the metal but in this conguration there is increased
steric strain caused by the methyl group for the methyl-tetrazole complexes.
Synthesis, UV-vis, emission spectroscopy and lifetime measurements were all
performed in the laboratory of Dr. Massimiliano Massi at Curtin University. All
photophysical measurements were carried out in DCM at 298 K. FT-Raman mea-
surements were conducted on solid samples. Resonance Raman measurements
used ~1 mM solutions in CH2Cl2 at room temperature.
3.2.2 Photophysics and the Energy Gap Law
The electronic absorption spectra of the complexes are typi-
cal for [Re(CO)3(phen)L] complexes. Figure 3.4 gives spectra of
[Re(CO)3(phen)(tet-CN)] and [Re(CO)3(phen)(H+tet-CN)] as examples. Tables
3.1 and 3.2 summarize the absorption spectra and other photophysical properties
of the complexes. The lowest energy band of the tetrazolate complexes is found
at around 370 nm for the bpy complexes and 360 nm for the phen complexes.
The electron-withdrawing R substituents have only a very slight eect on the
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Figure 3.2: Protonation of Re(I) tetrazolate complexes to form tetrazole
complexes. The tetrazol(at)e ligand is bound through N2 in both cases.
Figure 3.3: Methylation of Re(I) tetrazolate complexes to form two isomeric
4-methyltetrazole complexes bound through N1 and N2.
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Figure 3.4: Example electronic absorption spectra Re(I) tetrazolate and
tetrazole complexes in CH2Cl2.
absorption and emission spectra which does not act according to the Hammett
constants for the substituents. The emission spectra are broad and structureless,
with Em found at about 590 nm. Emission wavelengths, quantum yields and
excited state lifetimes of the NbN= bpy, L = tet-R complexes are similar to the
complex fac Re(bpy)(CO)3(4-aminopyridine) reported by Meyer.88
Protonation of the complexes induces a slight blue shift to the absorption
spectra but no signicant change in the extinction coecient. The emission
spectra are however dramatically blue-shifted. Excited state lifetimes and quan-
tum yields become higher for the protonated complexes as expected from the
energy gap law due to the blue-shifted emission wavelengths.88,90,91 The photo-
physical properties of the bpy complexes become more similar to the complex
fac Re(bpy)(CO)3(P(CH3)3) reported by Meyer upon protonation.88 The photo-
physical properties of the methylated complexes are very similar to the protonated
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Table 3.1: Photophysical properties of the [Re(CO)3(bpy)L] complexes
recorded at 298K in CH2Cl2 under argon.
max Em  kr 105 knr 106
L= (nm) (nm) E (ns) (s 1) (s 1)
tet-H 373 606 0.030 92 3.26 10.5
tet-CHO 372 596 0.021 124 1.69 7.90
tet-CN 369 598 0.025 139 1.80 7.01
tet-COOCH3 367 574 0.016 122 1.31 8.07
H+tet-H 352 548 0.135 660 2.05 1.31
H+tet-CHO 349 546 0.276 825 3.35 0.878
H+tet-CN 350 546 0.204 874 2.33 0.911
Me+tet-H 350 546 0.360 1000 3.60 0.640
Me+tet-CHO 350 546 0.480 990 4.85 0.525
Me+tet-COOCH3 350 546 0.340 1020 3.33 0.647
Table 3.2: Photophysical properties of the [Re(CO)3(phen)L] complexes
recorded at 298K in CH2Cl2 under argon.
max Em  kr 105 knr 106
L= (nm) (nm) E (ns) (s 1) (s 1)
tet-H 363 592 0.072 517 1.39 1.79
tet-CHO 366 584 0.053 775 0.68 1.22
tet-CN 360 584 0.070 518 1.35 1.80
tet-COOCH3 357 569 0.079 923 0.86 1.00
H+tet-H 335 538 0.470 2505 1.88 0.212
H+tet-CHO 351 534 0.206 2186 0.94 0.363
H+tet-CN 342 534 0.540 2948 1.83 0.156
Me+tet-H 365 536 0.360 2020 1.78 0.317
Me+tet-CHO 366 536 0.480 3370 1.42 0.154
Me+tet-COOCH3 380 538 0.340 3200 1.06 0.206
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Figure 3.5: Energy gap law t for compounds of the type [Re(CO)3(bpy)L]
using data from references 88 (Meyer) and 100 (Lau) as well as the com-
pounds discussed herein.98,99
complexes. Despite the existence of two dierent isomers in solution a single emis-
sion band and a single emission decay lifetime are observed. This implies that the
excited states of the two isomers have indistinguishable emission energies and life-
times or that they form a single unied excited state. As with the protonated
complexes, R has very little eect on these properties.
From the E and lifetime data kr and knr were calculated and an energy gap
analysis performed for the [Re(CO)3(bpy)L] complexes. Data points from refer-
ences 88 and 100 were used as well to give a wide range of dierent ancillary
ligands. All of the measurements were performed in CH2Cl2 under argon. The
data from reference 88 were collected at a slightly lower temperature (296 K rather
than 298 K) which should have an insignicant eect. The tetrazol(at)e complexes
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reported here t the linear trend which shows that the energy gap law applies to
this type of complex even when there are drastic variations in the structure of L.
A least-squares t of the data from references 88 and 100 and the tetrazol(at)e
complexes gives a slope of -11.76 eV 1 which is identical to the value published
reported in reference 88. There is much more variation in the tetrazolate com-
plexes than in the tetrazole and methyltetrazole complexes which suggests that
the inuence of R is muted by methylation or protonation.
3.2.3 Raman and DFT Characterization of the Excited
States
DFT calculations and Raman spectroscopy were used to understand the dierences
in the excited state behavior of the Re(I) phen tetrazol(at)e complexes. The
structures of the complexes were optimized with the B3LYP, the SDD basis set for
the Re center and 6-311G(d,p) for the other atoms in vacuo. Very similar results
were acquired using LANL2DZ and 6-31G(d) basis sets but SDD/6-311G(d,p)
results were used here in order to remain consistent with previously published
results.98 TD-DFT calculations were performed with the same method but with
the PCM solvation model for CH2Cl2. Only the data for the R = CHO complexes
is shown as all substituents give similar results.
TD-DFT calculations predict that the MLCT absorption band for each com-
plex is actually composed of three dierent transitions. These are primarily com-
posed of HOMO! LUMO, HOMO-1! LUMO, HOMO-2! LUMO and HOMO
! LUMO+1 congurations. The relevant frontier orbitals are shown in Figure
3.6. The LUMO and LUMO+1 are phen  orbitals of b1 and a2 symmetry (as-
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suming C2v symmetry).67 The HOMO-1 is essentially a Re(CO)3 based d orbital
for all complexes. In contrast, the HOMO is signicantly dierent for the tetra-
zolate complexes. Due to its more strongly donating character, the HOMO is a
combined tetrazolate d orbital. For the other complexes it is simply another d
orbital with a small tetrazole contribution. The strongest of the three lowest tran-
sitions predicted by TD-DFT for the tetrazolate complexes is dominated by this
tetrazolate-based HOMO. This MLCT band would more properly be described
as metal-ligand to ligand CT (MLLCT). For the (methyl)tetrazole complexes the
transitions are more standard MLCT transitions dominated by d orbitals.
Mulliken population analysis was performed to quantify the contribution of
the tetrazol(at)e ligand to each of the transitions predicted by the TD-DFT cal-
culations. Tables 3.3 and 3.4 show the results for the R = CHO complexes. The
most noteworthy result is that L contributes about 40% of the density to the low-
est energy transition for the neutral complex but for the cationic complexes it is
reduced to 5% or lower. Most of the remainder is localized on the {Re(CO)3}
fragment.
Resonance Raman spectra were recorded at four wavelengths within the elec-
tronic absorption spectrum of the complexes and compared with 1064 nm spectra
and DFT calculated spectra. Diagrams of some of the relevant vibrational modes
as calculated by DFT are shown in Figure 3.11. With 407 and 413 nm excitation
scattering from the M(L)LCT band of the complexes should dominate. At 351
and 356 nm excitation scattering from this band as well as intraligand ;  tran-
sitions is expected. The symmetric carbonyl stretching mode (a'2) is enhanced in
all resonance Raman spectra of the complexes (except in some cases they could
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Figure 3.6: Molecular orbitals for fac  [Re(CO)3(phen)L] complexes where
R=CHO calculated with B3LYP/SDD/6-311G(d,p).
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Table 3.3: TD-DFT data for [Re(CO)3(phen)(L)] where L is a tetrazolate
(tet-CHO) or tetrazole (H+tet-CHO).
Group Electron Transition Density (%)







te 1 421 0.0527 HOMO!LUMO (94%) 54 !5 5 !94 42 ! 0
2 404 0.0144 H-1!LUMO (96%) 90 !5 6 !94 4 ! 0
3 386 0.0126 HOMO!L+1 (97%) 53 !1 5 !99 43 ! 0
5 365 0.0179 H-1!L+1 (94%) 89 !1 7 !99 4 ! 0







1 387 0.0023 H-1!LUMO (87%),
HOMO!LUMO (12%)
90 !6 9 !93 1!0
2 379 0.0753 HOMO!LUMO (72%),
H-1!LUMO (11%),
H-2!LUMO (14%)
83 !6 13 !93 4!0
3 370 0.0296 H-2!LUMO (84%),
HOMO!LUMO (12%)
95 !6 4 !93 1!0
7 345 0.0301 H-1!L+1 (14%),
H-1!L+2 (16%),
HOMO!L+2 (61%)
83 !1 13 !81 4!18
8 343 0.0301 H-1!L+1 (10%),
H-1!L+2 (56%),
HOMO!L+2 (26%)
88 !1 10 !88 2!11
not be observed due to strong phosphorescence). This is evidence that M(L)LCT
bands are being probed at all wavelengths to some degree. Many of the strongest
bands in the 413 nm spectra of the tetrazol(at)e complexes are phen-based as is
expected for a CT transition involving phen acceptor orbitals. There is how-
ever a clear dierence in enhancement of the L modes at this wavelength. These
are much stronger in the [Re(CO)3(phen)(tet-R)] complexes which is consistent
with L being heavily involved in the MLLCT transition. One of the tetrazolate
modes which is enhanced appears at 1093 cm 1. DFT calculations predict two
overlapping modes here (modes #82 and 83). From the eigenvector diagrams it
appears that these modes involved coupled motion of both the tetrazolate and
phen ligands across the metal center. One corresponding mode is predicted for
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Table 3.4: TD-DFT data for [Re(CO)3(phen)(L)] where L is a 4-
Methyltetrazole (Me+tet-CHO) bound through either N1 or N2 as shown
in Figure 3.3.
Group Electron Transition Density (%)




1 390 0.0018 HOMO!LUMO (98%) 89 !7 6 !92 4 ! 2
2 371 0.0647 H-2!LUMO (18%),
H-1!LUMO (75%)
82 !6 17 !91 2 ! 3
3 362 0.0328 H-2!LUMO (77%),
H-1!LUMO (12%)
92 !6 7 !91 1 ! 4
4 347 0.0773 H-1!LUMO (10%),
HOMO!L+1 (71%),
HOMO!L+2 (13%)
87 !2 8 !73 4 ! 24
7 336 0.0214 H-1!L+1 (82%),
H-1!L+2 (8%)




1 388 0.0013 H-1!LUMO (98%) 92 !6 7 !93 1 ! 0
2 381 0.0816 H-2!LUMO (10%),
HOMO!LUMO (85%)
81 !6 14 !93 5 ! 0
3 371 0.0230 H-2!LUMO (88%),
HOMO!LUMO (9%)
96 !6 4 !93 1 ! 0
5 346 0.0215 HOMO!L+2 (91%) 77 !2 18 !98 6 ! 0
6 346 0.0467 H-1!L+2 (89%) 89 !2 10 !98 1 ! 0
7 336 0.0116 HOMO!L+1 (97%) 79 !0 15 !1 6 ! 99
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Figure 3.7: Raman spectra of [Re(CO)3(phen)(tet-CHO)]. Resonant spec-
tra were recording using 3 mM solutions in CH2Cl2. Solvent bands are
indicated with an asterisk. The non-resonant (1064 nm) Raman spectrum
was acquired with a neat solid sample.
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Figure 3.8: Raman spectra of [Re(CO)3(phen)(H+tet-CHO)]. Resonant
spectra were recording using 3 mM solutions in CH2Cl2. Solvent bands are
indicated with an asterisk. The non-resonant (1064 nm) Raman spectrum
was acquired with a neat solid sample.
the neutral tetrazole complex estimated at 1099 cm 1 (mode #84). In comparison
this is a purely phen-based mode with a much lower Raman activity. It is much
weaker in the non-resonant spectra (both experimental and calculated) and does
not appear in any of the resonant spectra.
The other complexes show much weaker enhancement of L modes which is in
agreement with the TD-DFT calculations showing that L is essentially a spectator
to the MLCT transition. Furthermore, the Me+tet-R complexes show weaker L
modes than the protonated complexes. In particular the phenyl stretching mode
at about 1616 cm 1 is signicantly weakened, even in the non-resonant 1064 nm
spectrum. This is in part due to the methyl group causing steric hindrance which
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Figure 3.9: Raman spectra of [Re(CO)3(phen)(Me+tet-CHO)]. Resonant
spectra were recording using 3 mM solutions in CH2Cl2. Solvent bands are
indicated with an asterisk. The non-resonant (1064 nm) Raman spectrum
was acquired with a neat solid sample.
results in a larger angle between the phenyl and tetrazole rings and in turn a
lower polarizability.101 Spectra for both the N1 and N2 isomers of the methylated
complexes were simulated for comparison to the 1064 nm spectra but showed only
very slight dierences (Figure 3.10).
In a previous study, Rossenaar et al. studied the MLCT band
of fac-[Re(iPrDAB)(CO)3X] (X=Cl, Br, I; iPr-DAB=N,N'-diisopropyl-1,4-
diazabutadiene) using resonance Raman spectroscopy. They reported enhance-
ment of Re-X modes in all of the complexes and argued that the electron density
of the HOMO orbital is located on the Re and halogen atoms and that transition
should be termed XLCT rather than MLCT. Involvement of the halide ligand (X)
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Figure 3.10: Experimental 1064 nm FT-Raman spectra of solid
[Re(CO)3(phen)(Me+tet-CHO)] (N1 isomer) and calculated 1064 nm spec-
tra of both its N1 and N2 isomers.
was considered to be more signicant for the larger Br and I atoms due to changes
in the absorption band intensity and shifts in the frequency of C-N modes. The
intensities of the Re-X modes were not reported but it would be expected that this
increases for the larger halogens due to increasing XLCT character. Ruthenium di-
carbonyl complexes showed similar results.103 fac  [Re(CO)3(bpy)SCN] similarly
shows enhancement of a C=N mode based on the SCN  ligand which is thought
to implicate the SCN  as being signicantly involved in the transition.50,104
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Figure 3.11: Calculated normal mode diagrams and experimental Raman
band frequencies of the Re(I) phen tetrazol(at)e complexes. aCalculated
frequency, not observed experimentally.
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3.3 Pyridyl-1,2,3-triazoles as acceptor ligands
The previous section discussed Re(I) complexes of the well known bpy and phen
ligands. This section will examine the eect of replacing one of the pyridine rings
of bpy with a dierent heterocycle; specically, 2-pyridyl-1,2,3-triazole (pytri) lig-
ands are studied as alternatives to bpy. Pytri ligands are of interest because they
are easily synthesized with a wide variety of substituents on the 1,2,3-triazole
ring.105107 This allows their complexes to be easily incorporated into supramolec-
ular structures108113 or attached to biotargeting groups.78,114 The pytri ligands
studied in this chapter are isomers of each other known as 'regular' and 'inverse'
pytri. The 'regular' form is 2-(1-R-1H-1,2,3-triazol-4-yl)pyridine and 2-(4-R-1H-
1,2,3-triazol-1-yl)pyridine as the inverse form.115 The majority of the studies of
pytri ligands have been undertaken on the regular form.105107 Complexes incor-
porating inverse pytri ligands have been less heavily studied because they are
more dicult to synthesize.115117 A third variety in which there is a methylene
group breaking conjugation between the pyridine and triazole rings has also been
studied.118123
The basic way in which the wavelength of an MLCT band can be tuned is
changing the energies of the  and d orbitals. Triazole rings are thought to be
less -donating than pyridine which should lower the d energy and increase the
MLCT energy.106 With bpy, phen and other common ligands it is also possible
to alter the MLCT energy by substituting the ligand with electron-withdrawing
or donating groups.80,81,86,124126 However, several studies have shown that tran-
sition metal complexes of regular pytri ligands are impervious to triazole ring
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Figure 3.12: Synthetic scheme for the synthesis of pytri ligands.
substitution. That is, substituents have a very limited eect on the chemical
and photophysical behavior of the complexes.122,127129 Substituents which are in
conjugation with the triazole ring have almost indistinguishable properties from
those in which conjugation is broken.126,129 For example phenyl and benzyl substi-
tuted complexes showed MLCT absorption and emission bands at almost identical
wavelength. Substituents which are known to quench MLCT excited states such as
nitro groups and ferrocenyl groups show the expected eect regardless of whether
conjugation between the triazole and the substituent is maintained.129
3.3.1 The complexes
Phenyl (Ph) and benzyl (Bn) substituents were used here in order to examine
eects due to conjugation between the substituent and the triazole ring. 1,2,3-
triazoles are synthesized using the copper-catalyzed azide-alkyne cycloaddition
"Click" reaction. The high yields and mild reaction conditions of this reac-
tion generally makes it easy to prepare molecules with a variety of substituents.
3.3. PYRIDYL-1,2,3-TRIAZOLES AS ACCEPTOR LIGANDS 43
Figure 3.13: Structures of the Re(I) pytri complexes studied in this section.
For the regular ligands (r-Bn and r-Ph) 2-ethynylpyridine and an appropriate
azide are used whereas for the inverse ligands (i-Bn and i-Ph) 2-azidopyridine
and a substituted alkyne are used. The azide is usually generated in situ
from a bromide precursor and sodium azide. The inverse isomer has been less
studied partially because 2-azidopyridine undergoes ring-chain tautomerism to
form pyridotetrazole and thus the "Click" reaction requires harsher conditions.116
The [Re(CO)3(pytri)Cl] complexes were synthesized by reacting the ligands with
Re(CO)5Cl. Synthesis was carried out in the laboratory of Dr. James Crowley.115
Electrochemistry was performed by Dr. C. John McAdam.
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Figure 3.14: Electronic absorption (left) and emission (right) spectra of the
Re(I) pytri complexes in CH2Cl2.
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3.3.2 Electronic Absorption Spectroscopy
The electronic absorption spectra of the complexes in CH2Cl2 are shown in Figure
3.14. The lowest energy bands have extinction coecients around 5000 M 1 cm 1
which is typical for MLCT bands. There is a notable red-shift for the inverse
complexes compared to the regular complexes. The substituents also have a slight
eect on the wavelength of the MLCT band. For the inverse complexes the phenyl
group causes a small red-shift compared to the benzyl group while the opposite is
true for the regular complexes.
3.3.3 Emission Spectroscopy
Table 3.5 summarizes the photophysical properties of the Re(I) pytri complexes.
The complexes phosphoresce with a broad structureless emission. The emission
wavelengths are nearly insensitive to the choice of substituent. The Stokes shifts
are all similar to [Re(CO)3(bpy)Cl]88 (about 10,000 cm 1). The excited state life-
times were measured with transient emission spectroscopy. The inverse complexes
have indistinguishable excited state lifetimes and quantum yields. The regular
complexes show somewhat shorter lifetimes which dier slightly depending on the
substituent.
In CH2Cl2 [Re(CO)3(bpy)(4-aminopyridine)] emits at the about the same
wavelength as [Re(CO)3(i-Ph)Cl] and has a similar E but the excited state life-
time is about 10 times shorter.88 As seen in Figure 3.15 the regular pytri com-
plexes t an energy gap law plot for the [Re(CO)3(bpy)L] compounds in references
88 and 100 quite well as they have similar knr and emission wavelength values
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Table 3.5: Photophysical properties of the Re(I) pytri complexes measured
in CH2Cl2 at 298 K under argon.
max Em  kr10
4 knr10
5
Complex (nm) (nm) (s) E (s 1) (s 1)
[Re(CO)3(iPh)Cl] 379 596 1.3 0.053 4.1 7.7
[Re(CO)3(iBn)Cl] 374 591 1.3 0.053 4.1 7.7
[Re(CO)3(rPh)Cl] 337 550 0.88 0.087 10 11
[Re(CO)3(rBn)Cl] 346 547 0.80 0.049 6.1 12
Figure 3.15: Energy gap law t for compounds of the type [Re(CO)3(bpy)L]
using data from references 88 (Meyer) and 100 (Lau) compared to the
compounds discussed herein.115
to [Re(CO)3(bpy)(P(CH3)3)].88 In contrast, the inverse pytri complexes t very
poorly with the bpy complexes. They have much lower non-radiative decay rates
for a given emission energy than the bpy complexes.
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Table 3.6: TD-DFT data for the two lowest energy electronic transitions
in the Re(I) pytri complexes calculated with PBE0/LANL2DZ/6-31G(d).





triazole pyridine {Re(CO)3Cl} R
r-Bn
1 368 0.0037 HOMO!LUMO (97%) 2!23 2!68 97!9 0!0
2 351 0.0777 H-1!LUMO (98%) 2!23 2!68 95!9 0!0
r-Ph
1 370 0.0038 HOMO!LUMO (96%) 2!23 2!68 96!9 1!1
2 352 0.0750 H-1!LUMO (97%) 2!23 2!68 95!9 1!1
i-Bn
1 402 0.0062 HOMO!LUMO (97%) 4!39 1!52 94!9 1!0
2 379 0.0886 H-1!LUMO (96%) 3!39 3!52 94!9 0!0
i-Ph
1 405 0.0040 HOMO!LUMO (92%) 8!39 1!51 86!9 6!1
2 381 0.0880 H-1!LUMO (91%) 3!39 3!51 91!9 2!1
3.3.4 TD-DFT
TD-DFT calculations were performed using the PBE0 functional with the LANL2DZ
basis set and eective core potential for rhenium atoms and 6-31G(d) basis set for
other atoms. The PCM solvation model for CH2Cl2 was used. The calculations
show that the MLCT band of the pytri complexes is composed of two separate
transitions (Table 3.6). The lower of these is very weak and primarily a HOMO
! LUMO transition while the stronger transition is HOMO-1 ! LUMO. This is
also true for the symmetric bpy-based complexes.85 At higher energy there are
intraligand bands which are red-shifted for R=Ph. The frontier orbitals of all four
complexes qualitatively look very similar as seen in Figure 3.16. The HOMO and
HOMO-1 are d orbitals and the LUMO is a  orbital. The LUMO of the regu-
lar pytri complexes has less electron density on N1 compared to N4 of the inverse
complexes which is where the R group is attached in each case.
The blue-shifting of the MLCT bands compared to [Re(CO)3(bpy)Cl] seems
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Table 3.7: Energies of the frontier molecular orbitals for
[Re(CO)3(N bN)Cl] complexes calculated with PBE0.
Energy (eV)
N bN= i-Ph i-Bn r-Ph r-Bn bpy
LUMO -2.39 -2.36 -2.00 -1.97 -2.41
Orbital HOMO -6.44 -6.45 -6.36 -6.34 -6.37
HOMO-1 -6.55 -6.54 -6.45 -6.43 -6.46
Table 3.8: Cyclic voltammetry data for the Re(I) pytri complexes
recorded in DMF with 0.10 M tetrabutylammonium hexauorophos-
phate (Bu4NPF6) as the supporting electrolyte. Potentials are ref-
erenced to the reversible formal potential for the decamethylferroce-
nium/decamethylferrocene couple ([Fc*]+=0 = 0.00 V). Both the oxidation
and reduction processes were found to be irreversible.115





to result from two opposing eects which can be explained by examining the
energies of the frontier orbitals (Table 3.7). The regular pytri complexes have
a similar HOMO and HOMO-1 energy to the bpy complex but a higher LUMO
energy. Conversely, the inverse pytri complexes have a similar LUMO level to
[Re(CO)3(bpy)Cl] but a more stable HOMO. Indeed, electrochemical data (Table
3.8) shows that the regular complexes are more easily oxidized (smaller oxidation
potential, Eox) and the inverse complexes more easily reduced (larger reduction
potential, Ered).115 Mulliken analysis was performed to quantify the extent to
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Figure 3.16: Frontier molecular orbitals of the Re(I) pytri complexes.
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which the dierent parts of the molecules contribute to the MLCT transitions. As
expected the HOMO and HOMO-1 lie mostly on the [Re(CO)3Cl] center and the
LUMOs lie on the pytri ligands. There is however some HOMO and HOMO-1
density on the pytri ligands. This is due to backbonding from the metal d-orbitals
into the ligand. It is most pronounced in the inverse triazole complexes which
suggests that the triazole ring is more electron accepting than pyridine in this
conguration. The regular complexes are very similar to bpy in this regard. This
is the reason for the lowered HOMO and HOMO-1 energy levels of the inverse
complexes. Better conjugation between the triazole and pyridine rings seems to
lower the LUMO energies of the inverse complexes. The LUMOs are more evenly
delocalized across both the pyridine and triazole rings (51% and 39% respectively).
In contrast, the regular pytri complexes have 68% of the LUMO density on the
pyridine ring and 23% on the triazole.
3.3.5 Raman Spectroscopy
Raman spectra of the regular complexes was performed in MeCN and reported in
Reference 129. The symmetric carbonyl stretch is enhanced as expected for an
MLCT transition. Most of the modes enhanced are localized on the pyridine and
triazole rings. Modes associated with the R-group appear to be enhanced at 351
nm excitation in complexes where there is conjugation between the substituent
and the triazole ring. This shows that the group may be involved in the transition
although preresonance with higher energy states may also occur.
Resonance Raman spectra of the inverse complexes (Figures 3.17 and 3.18)
were acquired using 3 mM solutions in DMF with 351, 407 and 413 nm laser
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Figure 3.17: Raman spectra of [Re(CO)3(i-Ph)Cl]. Resonance spectra were
acquired in 3 mM DMF solutions while a neat solid sample was used for
830 nm spectra. Solvent bands are indicated with an asterisk.
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Figure 3.18: Raman spectra of [Re(CO)3(i-Bn)Cl]. Resonance spectra were
acquired in 3 mM DMF solutions while a neat solid sample was used for
830 nm spectra. Solvent bands are indicated with an asterisk.
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wavelengths. Non-resonant spectra were acquired at 830 nm excitation on solid
samples. DFT simulated spectra used the B3LYP functional with the PCM sol-
vation model for the solvent. The LANL2DZ basis set and eective core potential
was used for rhenium atoms and 6-31G(d) basis set for the other atoms. The
spectra of the phenyl and benzyl substituted complexes are nearly identical and
there is little variation in the spectra acquired with dierent wavelengths. The
Raman bands are generally weaker in the non-resonant spectrum for [Re(i-Bn)Cl]
which is due to the lack of conjugation between the phenyl and triazole rings
causing a decrease in polarizability of the molecule.101 Notable dierences in the
Raman spectra of the i-Ph and i-Bn complexes occur around 1600 cm 1. Stretch-
ing modes of the pyridyl, phenyl and benzyl rings all occur in this region. In
[Re(CO)3(i-Ph)Cl] two phenyl and pyridyl modes overlap to give a band at 1613
cm 1. This is a very strong band in the non-resonant spectrum and appears in all
of the resonant spectra but it is impossible to determine which mode or modes is
actually enhanced. Due to the lack of conjugation in [Re(CO)3(i-Bn)Cl] these two
bands no longer overlap. The benzyl stretch appears as a shoulder at 1604 cm 1
and the pyridyl stretch appears at 1616 cm 1. The pyridyl mode (93) is found in
all of the resonant spectra while the benzyl mode (92) is not. This suggests that
it is probably the pyridyl mode which is also enhanced in the [Re(i-Ph)Cl] spec-
tra. There are other subtle dierences caused by conjugation between the rings as
well. The band at 970 cm 1 is assigned as a coupled triazole-phenyl mode (53).
It is very strong in the non-resonant spectrum of [Re(CO)3(i-Ph)Cl] and no cor-
responding mode appears for [Re(CO)3(i-Bn)Cl]. It also appears in the resonant
spectra.
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Figure 3.19: Calculated normal mode diagrams and experimental Raman
band frequencies of the Re(I) inverse pytri complexes.
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3.3.6 Time-resolved IR Spectroscopy
Time-resolved infrared spectroscopy was performed in order to further charac-
terize the excited states of these complexes. The ground state FT-IR spectra of
the [Re(CO)3(pytri)Cl] complexes show the three expected CO stretching bands.
The frequencies of these bands are given in Table 3.9. The pytri complexes lack
the mirror plane of bpy and phen complexes so the symmetry labels used in the
introduction (a'1, a, a'2) do not strictly apply. However, according to DFT cal-
culations the three carbonyl bands qualitatively match those of the Cs symmetric
species so the same labels are used.130 This can be seen for [Re(CO)3(i-Ph)Cl]
and [Re(CO)3(r-Ph)Cl] in Figures 3.20 and 3.21. The CO frequencies of the reg-
ular pytri complexes are nearly identical to those of [Re(CO)3(bpy)Cl].131 The
inverse complexes have CO frequencies which are 816 cm 1 higher. This is con-
sistent with the inverse pytri ligands being less donating and/or more -accepting
compared to bpy and regular pytri ligands.80
Upon photoexcitation at 355 nm, bleaching of the ground state bands is appar-
ent as well as formation of bands shifted to higher frequency. This is expected for
MLCT transitions as electron density on the d orbitals is decreased, increasing
the strength of the carbonyl bonds. The initially formed bands are very broad
and poorly resolved which is an indication that the molecules are vibrationally
hot and that the solvent has not nished reorganizing.16,25 Another indication of
cooling of hot vibrational states is the further upward shift in their frequency.
The a2 bands are the most clearly resolved of the three bands for each of the
complexes. This band is initially found at lower frequency (closer to the parent
band) due to anharmonicity. After about 10 picoseconds the bands have mostly
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Table 3.9: CO stretching band frequencies for [Re(CO)3(N bN)Cl] com-
plexes in CH2Cl2 at room temperature in their ground and excited states.
Data for N bN = bpy is taken from Reference 131. The values in paren-
theses are the a'2 frequencies taken at early time points.
Ground State 3MLCT State
N bN a'1 a a'2 a'1 a a'2 a'2 (hot)
i-Ph 1908 1937 2033 1967 1986 2053 (2045)
i-Bn 1907 1936 2033 1964 1986 2053 (2043)
r-Ph 1899 1925 2027 1959 1986 2054 (2045)
r-Bn 1899 1925 2027 1959 1986 2054 (2040)
bpy 1899 1921 2024 1957 1987 2064
Figure 3.20: Carbonyl stretching mode diagrams and frequencies of
[Re(CO)3(i-Ph)Cl] in its ground state and triplet state calculated using
B3LYP/LANL2DZ/6-31G(d).
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Figure 3.21: Carbonyl stretching mode diagrams and frequencies of
[Re(CO)3(r-Ph)Cl] in its ground state and triplet state calculated using
B3LYP/LANL2DZ/6-31G(d).
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Figure 3.22: Picosecond TRIR spectra of [Re(CO)3(r-Ph)Cl] in CH2Cl2.
cooled. Figure 3.25 shows the kinetics of the decay of the hot (1!2) and growth
of the cool (0!1) a2 bands for [Re(CO)3(r-Bn)Cl]. The time constant for cooling
of the a2 band was found to be about 3.5 ps for all of the pytri complexes. The
frequencies of the ground and excited states are given in Table 3.9. The magnitude
of the shifts (CO) in the CO stretching frequencies should be indicative of the
degree to which the electron density is transferred from the Re(I) center to the
pytri ligand. Compared to bpy complexes the shifts are small. Electron accepting
and donating groups on bpy have been shown to aect the magnitude of the shifts.
Electron withdrawing groups such as esters result in the  orbitals being more
delocalized.25 This results in larger shifts because the  orbital is less able to
donate electron density back to the metal.93 As discussed in Section 3.3.4, the
HOMO and HOMO-1 orbitals of the inverse complexes are partially localized on
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Figure 3.23: Ground state FT-IR spectra and excited state TRIR dierence
spectra of [Re(CO)3(r-Bn)Cl] in CH2Cl2 at room temperature.
Figure 3.24: Ground state FT-IR spectra and excited state TRIR dierence
spectra of [Re(CO)3(i-Ph)Cl] in CH2Cl2 at room temperature.
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Figure 3.25: Kinetic plots for the cooling of the a2 band of
[Re(CO)3(r-Bn)Cl].
Table 3.10: Calculated (B3LYP/LANL2DZ/6-31G(d)) CO stretching fre-
quencies (cm 1) for the Re(I) pytri complexes.
N bN Ground State Triplet State CO
i-Ph 1979 2002 2098 2016 2038 2092 37 36 -6
i-Bn 1979 2001 2098 2025 2044 2109 46 43 11
r-Ph 1972 1992 2093 2022 2044 2104 50 52 11
r-Bn 1971 1991 2093 2020 2043 2103 49 52 10
the triazole ring which means that the MLCT state has some intraligand character.
Intraligand excited states have much smaller shifts in CO.
Unrestricted DFT calculations were used to optimize the 3MLCT states of the
pytri complexes. As shown in table 3.10, frequency calculations do not accurately
predict the shifts in CO. The changes predicted are much too small and of the
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wrong sign in one case. It has been shown that anharmonic frequency calcula-
tions perform much better than typical harmonic frequency calculations for these
systems.66 Higher level calculations might be necessary to better understand how
the excited states of these molecules dier from [Re(CO)3(bpy)Cl].
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3.4 Conclusion
The photophysical behavior of some fac-[Re(I)(CO)3(N bN)L] complexes were
studied. First the inuence of the ancillary ligand L was discussed. Resonance
Raman and DFT were shown to be powerful tools for determining the nature of
electronic transitions in this type of complex. The ancillary ligand was shown
to be involved in donating electron density in the charge transfer transitions of
[Re(I)(CO)3(phen)L] complexes where L is an 5-aryl tetrazolate. It was shown that
this eect could be turned o by protonating or methylating the tetrazolate ligand.
The photophysical properties of the corresponding [Re(I)(CO)3(bpy)L] complexes
were shown to obey the energy gap law for L = tetrazolate, tetrazole and methyl-
tetrazole. Protonation or methylation causes a blue-shifting of emission from the
complexes because the ligand becomes less electron donating. Protonation of the
tetrazolate complexes was found to be comparable to reversible substitution of 4-
aminopyridine and P(CH3)3 ancillary ligands in terms of the emission wavelengths
and non-radiative decay rates.
The eect of altering the prototypical bpy ligand by replacing one pyridine
ring with a 1,2,3-triazole ring was then investigated. Both 'regular' and 'inverse'
conformations of the pytri ligand were studied. The MLCT transitions of the
[Re(CO)3(pytri)Cl] complexes are blue-shifted compared to [Re(CO)3(bpy)Cl].
Electrochemistry and DFT calculations show that this is due to raising the LUMO
energy level of the regular complexes and lowering of the HOMO and HOMO-1 lev-
els of the inverse complexes relative to the bpy complex. TRIR spectroscopy shows
shifts in the carbonyl stretching frequencies which are consistent with MLCT tran-
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sitions. The magnitudes of the shifts are signicantly smaller than those found in
most complexes of this type. This is attributed to the  LUMO orbitals of the
pytri ligands being less delocalized. The eect of substituting the triazole ring is
found to be insignicant in terms of the photophysical properties.

Chapter 4
MLCT States of Ruthenium(II)
Complexes
4.1 Background
Ru(II) complexes are similar to Re(I) tricarbonyl complexes discussed in the previ-
ous chapter in that they have a low-spin d6 electron conguration and octahedral
coordination environment. These complexes are of interest because many of the
most ecient DSSCs use Ru(II) complexes as sensitizers.7 Most of those sensi-
tizers can be thought of as derivatives of [Ru(bpy)3]2+ which is a very heavily
studied molecule.132,133 [Ru(bpy)3]2+ has also recently found use in photoredox
catalysis.134,135
The ground state of [Ru(bpy)3]2+ has D3 symmetry. Excitation into the
Franck-Condon state gives a 1MLCT state with the excited electron delocalized
across the three bpy ligands. Intersystem crossing takes place on a sub-picosecond
65
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timescale to give the formation of a 3MLCT THEXI state of C2 symmetry in
which the excited electron is localized on a single bpy ligand.136138 The THEXI
state can be thought of as a bpy radical-anion coordinated to a Ru(III) center
([Ru(III)(bpy)2(bpy
)]2+). This was elegantly proven using excited state Raman
spectroscopy.139 Temperature dependent emission studies have shown that there
is in fact an ensemble of three closely spaced 3MLCT states (60 cm 1 energy
gap).140143 At ambient temperature they can be considered as a single state with
an excited state lifetime of 650 ns in deoxygenated aqueous solution.56
Three aspects of Ru(II) complexes make their photophysical processes more
complicated to study than Re(I) tricarbonyl complexes. If the complex is het-
eroleptic there can be multiple close-lying MLCT states involving  orbitals of
dierent ligands.144149 This is not an issue for Re(I) complexes because there is
typically only one electron-accepting ligand.86 The absence of CO ligands means
that the complexes are more dicult to study with TRIR.150 In addition, the
d-d splittings tend to be smaller which allows for the possibility of d-d excited
states.82,133 This opens a new pathway for non-radiative relaxation to the ground
state.
4.2 The complexes
The complexes studied in this chapter use the pyridyl-1,2,3-triazole (pytri) lig-
ands discussed in the previous chapter. Regular (r-R) and inverse (i-R) pytri
complexes with benzyl and phenyl substituents and a [Ru(bpy)2]2+ core were syn-
thesized from cis-[Ru(bpy)2Cl2] in the laboratory of Dr. James Crowley.115 The
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Figure 4.1: Structures of the ruthenium(II) pyridyl-1,2,3-triazole complexes
studied in this chapter.
structures of these [Ru(pytri)(bpy)2](PF6)2 complexes are given in Figure 4.1.
Electrochemistry was performed by Dr. C. John McAdam.
4.3 Electronic Absorption Spectroscopy
UV-vis spectra of the pytri complexes in CH2Cl2 are shown in Figure 4.3 with
[Ru(bpy)3](PF6)2 for comparison. [Ru(bpy)3]2+ has a pair of overlapping MLCT
bands at 430 and 453 nm in CH2Cl2. Similar bands of about two-thirds the
intensity and at shorter wavelength are seen for the [Ru(pytri)(bpy)2]2+ complexes.
The wavelengths and extinction coecients are found in Table 4.1. The R-groups
have very subtle inuence on the spectra but the regular and inverse complexes
are quite distinct. The MLCT bands are shifted to shorter wavelength for the
inverse complexes. The lower extinction coecients of the bands suggests that
the transitions involve the bpy ligands and not the pytri ligands. The higher
energy of the MLCT bands suggests that d and  energies are farther apart
in energy. This must be a result of the d-orbital energies of the pytri complexes
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Figure 4.2: Electronic absorption spectra of the complexes studied in this
chapter in CH2Cl2.
Table 4.1: Electronic absorption maxima for the Ru(II) complexes in




2+ 453 (24.1) 430 (20.3)
[Ru(r-Ph)(bpy)2]
2+ 447 (11.9) 414 (11.2)
[Ru(r-Bn)(bpy)2]
2+ 445 (10.3) 412 (10.1)
[Ru(i-Ph)(bpy)2]
2+ 426 (17.3) 407 (16.4)
[Ru(i-Bn)(bpy)2]
2+ 427 (15.8) 408 (15.7)
being lowered compared to [Ru(bpy)3]2+ because the bpy  orbitals should have
identical energy. This was further examined with DFT calculations, resonance
Raman spectroscopy and electrochemistry.
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Table 4.2: Electrochemical data relative to Fc* for the Ru(II) pytri com-
plexes measured in DMF with 0.10 M Bu4NPF6.
E°red (V) E°ox (V)
Complex 3 2 1 RuIII=II
[Ru(bpy)3]
2+ 1.68 1.42 1.24 +1.29
[Ru(i-Ph)(bpy)2]
2+ 1.79 1.43 1.24 +1.40
[Ru(i-Bn)(bpy)2]
2+ 1.85 1.44 1.24 +1.40
[Ru(r-Ph)(bpy)2]
2+ 1.96 1.49 1.28 +1.32
[Ru(r-Bn)(bpy)2]
2+ 2.05 1.49 1.27 +1.31
4.4 Electrochemistry
An electrochemical study of the regular and inverse Ru(II) pytri complexes was
undertaken using cyclic voltammetry (CV) and dierential pulse voltammetry
(DPV) (Table 4.2). Potentials were measured in DMF solution and reported rel-
ative to decamethylferrocene ([Fc*]+=0 = 0.00 V). The electrochemistry of the
regular ruthenium(II) complex [Ru(r-Bn)(bpy)2]2+ and the archetypal complex
[Ru(bpy)3]2+ in acetonitrile have been reported previously.151,152 Their behavior
in DMF follows the same pattern and is similarly exhibited by the other ruthe-
nium(II) pytri complexes. At cathodic potential two reversible reductions associ-
ated with the bpy ligands (E°red1 and E°red2) and a quasi-reversible reduction of
the third N bN ligand (pytri or bpy) are observed (E°red3). Substitution of one
of the bpy ligands on [Ru(bpy)3]2+ with an inverse triazole ligand has no eect
(within the experimental error,  20 mV) on the reduction potential of the re-
maining two bpy ligands. The eect of a regular pytri ligand is a small cathodic
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Figure 4.3: Correlation between the energy of the MLCT absorption max-
ima (EMLCT ) and the dierence between the rst oxidation and reduction
potentials (V) for the Ru(II) complexes.
shift of 40 mV and 70 mV for E°red1 and E°red2, respectively.
Anodic scans show the expected RuIII=II oxidation couple. A small anodic
shift (20-30 mV) for the regular pytri complexes is observed while for the inverse
complexes the shift is 110 mV. This is consistent with the results for the Re(I) pytri
complexes discussed in Chapter 3. The more positive Ru(II) oxidation potentials
and mostly unperturbed bpy reduction potentials are consistent with the blue-
shifted MLCT bands observed in the electronic absorption spectra of the pytri
complexes.
For other heteroleptic Ru(II) bpy complexes a linear relationship between the
energy of the MLCT absorption maximum (EMLCT ) and the dierence between
the oxidation and reduction potentials (V) is usually observed.153 This is taken
as evidence that the redox and CT processes involve the same orbitals. A plot of
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EMLCT versus V is shown in Figure 4.3. A least-squares t for the ve complexes
(R2 = 0.85) suggests that the lowest energy absorption bands are all of similar
character.154
4.5 TD-DFT
TD-DFT calculations for [Ru(bpy)3]2+ are known to poorly reproduce its experi-
mental absorption spectra.155 The two lowest-energy bands have sometimes been
attributed to a single MLCT transition split due to vibronic coupling139,156,157
and in other cases assigned as two separate MLCT bands.155,158160 Recent sur-
face enhanced Raman and hyper-Raman studies have suggested that two separate
MLCT bands are present.155 TD-DFT calculations appear to predict an incorrect
ordering of the bands in some cases155 which is not an uncommon feature of this
type of calculation.161163
TD-DFT calculations were performed for [Ru(bpy)3]2+ and the Ru(II) pytri
complexes using the PBE0 functional along with the LANL2DZ ECP for ruthe-
nium and 6-31G(d) for other atoms. The solvent was modeled using PCM for
CH2Cl2. Among the rst ten predicted electronic transitions for [Ru(bpy)3]2+
there are two pairs of degenerate MLCT transitions. Table 4.3 shows the data
for these four transitions which are the closest match to the two experimentally
observed bands. The full results for the rst 10 transitions are shown in Appendix
B. Transitions 5 and 6 (399 nm) could be assigned to the band at 453 while tran-
sitions 7 and 8 (387 nm) can be assigned to the band at 430 nm. PBE0 clearly
underestimates the wavelengths and gives incorrect relative intensities but gives a
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Figure 4.4: Frontier molecular orbitals for the regular Ru(II) pytri
complexes [Ru(rBn)(bpy)2]2+ and [Ru(rPh)(bpy)2]2+ calculated with
PBE0/LANL2DZ/6-31G(d).
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Figure 4.5: Frontier molecular orbitals for the inverse Ru(II) pytri
complexes [Ru(i Bn)(bpy)2]2+ and [Ru(i Ph)(bpy)2]2+ calculated with
PBE0/LANL2DZ/6-31G(d).
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Table 4.3: TD-DFT calculations with PBE0/LANL2DZ/6-31G(d) for
[Ru(bpy)3]2+. See Table B.1 for full results.
Transition #  (nm) f MO conguration
5 399 0.0133 HOMO-2!LUMO+2 (10%),
HOMO-1!LUMO (73%)
6 399 0.0133 HOMO-2!LUMO (73%),
HOMO-2!LUMO+1 (10%),
HOMO-1!LUMO+2 (10%)
7 387 0.1402 HOMO-2!LUMO (12%),
HOMO-2!LUMO+1 (33%),
HOMO-1!LUMO+2 (33%)




Another study found similar results with the B3LYP functional.155 The LC-
PBE functional was found by Silverstein et al. 155 to give two pairs of transitions
at nearly identical wavelength but with the weaker pair at higher energy rather
than lower energy. This is thought to be more in line with the two bands in
the experimental spectrum but the separation between the bands was much too
small.155 These results illustrate how TD-DFT with currently available functionals
may not be suitable for this type of molecule.
TD-DFT calculations were carried out on the [Ru(pytri)(bpy)2]2+ complexes
to see if the two pairs of bpy-based MLCT transitions are perturbed by the replace-
ment of a bpy ligand by a pytri ligand. The rst ten excitations were calculated
for each complex. Tables 4.4 through 4.7 show the strongest four transitions.
These are at shorter wavelengths to those of [Ru(bpy)3]2+ and are no longer com-
posed of two degenerate pairs. The LUMO+2 orbital of the [Ru(pytri)(bpy)2]2+
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complexes is localized on the pytri ligand while the LUMO and LUMO+1 are
bpy-based, which agrees with the electrochemical results. For the 'regular' com-
plexes two bpy-based MLCT transitions are predicted at slightly higher energy
than in [Ru(bpy)3]2+ which is consistent with the blue-shifted absorption. A reg-
ular pytri MLCT transition involving the LUMO+2 orbital is predicted at higher
energy than the bpy MLCT bands. In the 'inverse' complexes there is strong
congurational mixing such that the lowest energy strong MLCT bands involve
both the bpy and inverse pytri ligands. [Ru(i Bn)(bpy)2]2+ shows three strong
transitions (6, 7 and 8) which have mixtures of bpy and pytri MLCT character
(Table 4.6). The oscillator strengths of transitions 7 and 8 for [Ru(i Ph)(bpy)2]2+
(Table 4.7) and [Ru(bpy)3]2+ are very similar but found at shorter wavelength for
[Ru(i Ph)(bpy)2]2+ and include congurations with the LUMO+2 pytri-based
orbital.
Table 4.4: TD-DFT data with Mulliken analysis for [Ru(rBn)(bpy)2]2+.
"bpy A" represents the bpy ligand trans to the triazole ring while "bpy
B" represents the ligand trans to the pyridyl ring of the pytri ligand. See
Table B.2 for full results.
#  (nm) f MO conguration Ru tri py bpy A bpy B Bn
5 385 0.1460 HOMO-2!LUMO (65%),
HOMO-1!LUMO+1 (24%)
76!3 3!1 3!3 9!60 9!33 0!0
6 374 0.0131 HOMO!LUMO+2 (89%) 81!4 3!23 3!71 6!1 6!1 0!0
7 369 0.0827 HOMO-2!LUMO+1 (67%),
HOMO-1!LUMO (13%)
76!4 3!2 3!5 9!26 9!62 0!0
9 335 0.0627 HOMO-1!LUMO+2 (76%) 76!6 5!20 5!63 7!5 7!6 0!0
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Table 4.5: TD-DFT data with Mulliken analysis for [Ru(rPh)(bpy)2]2+.
"bpy A" represents the bpy ligand trans to the triazole ring while "bpy
B" represents the ligand trans to the pyridyl ring of the pytri ligand. See
Table B.3 for full results.
#  (nm) f MO conguration Ru tri py bpy A bpy B Ph
5 384 0.1439 HOMO-2!LUMO (65%),
HOMO-1!LUMO+1 (25%)
75!3 3!1 3!4 9!56 9!35 1!0
6 375 0.0120 HOMO!LUMO+2 (85%) 79!4 4!22 3!63 6!5 6!4 2!2
7 368 0.0960 HOMO-2!LUMO+1 (68%),
HOMO-1!LUMO (12%)
75!5 3!2 3!5 10!27 9!61 1!0
9 336 0.0579 HOMO-1!LUMO+2 (76%) 75!6 5!21 5!63 7!2 6!6 2!1
Table 4.6: TD-DFT data with Mulliken analysis for [Ru(i Bn)(bpy)2]2+.
"bpy A" represents the bpy ligand trans to the triazole ring while "bpy
B" represents the ligand trans to the pyridyl ring of the pytri ligand. See
Table B.4 for full results.
#  (nm) f MO conguration Ru tri py bpy A bpy B Bn
5 380 0.0175 HOMO-2!LUMO+1 (16%),
HOMO-1!LUMO (19%),
HOMO-1!LUMO+1 (48%)
74!4 6!5 5!7 8!27 7!58 1!0
6 373 0.0767 HOMO-2!LUMO (75%),
HOMO-2!LUMO+2 (15%)
75!3 1!8 3!11 12!62 8!17 0!0




74!5 3!24 4!35 10!17 8!18 1!0




74!5 3!16 4!23 10!10 8!47 0!0
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Figure 4.6: Resonance Raman spectra of 1 mM CH2Cl2 solutions of the
Ru(II) complexes excited at 458 nm. Solvent bands are indicated with an
asterisk.
78 CHAPTER 4. MLCT STATES OF RUTHENIUM(II) COMPLEXES
Table 4.7: TD-DFT data with Mulliken analysis for [Ru(i Ph)(bpy)2]2+.
"bpy A" represents the bpy ligand trans to the triazole ring while "bpy
B" represents the ligand trans to the pyridyl ring of the pytri ligand. See
Table B.5 for full results.
#  (nm) f MO conguration Ru tri py bpy A bpy B Ph
5 382 0.0309 HOMO-2!LUMO+2 (15%),
HOMO-1!LUMO (16%),
HOMO-1!LUMO+1 (44%)
72!4 4!7 5!10 8!27 6!51 4!0
6 376 0.0213 HOMO-2!LUMO (50%),
HOMO-2!LUMO+1 (18%),
HOMO-2!LUMO+2 (19%)
74!3 2!13 4!17 12!42 8!24 1!0
7 372 0.1359 HOMO-2!LUMO (43%),
HOMO-1!LUMO+2 (20%),
HOMO!LUMO+2 (11%)
72!4 4!16 4!23 10!37 7!19 3!1
8 367 0.1173 HOMO-2!LUMO+1 (26%),
HOMO-2!LUMO+2 (43%),
HOMO-1!LUMO+1 (16%)
74!5 2!18 4!24 11!12 7!40 1!1
4.6 Raman Spectroscopy
Resonance Raman spectroscopy was performed with an excitation wavelength co-
incident with the longest wavelength band of these complexes (458 nm). With
[Ru(bpy)3]2+ as a control it is straightforward to assign the bands to either the
bpy or pytri ligands. As seen in Figure 4.6, all ve complexes have nearly identi-
cal band enhancement patterns. The main dierence is in the absolute intensities
which are highest for [Ru(bpy)3]2+ because it has the highest extinction coe-
cient at 458 nm. All of the bands enhanced are known bpy bands.139 Therefore
it can be concluded that the lowest energy band in the pytri complexes is a bpy-
based MLCT band. This is what was expected from TD-DFT and electrochemical
measurements.
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4.7 Triplet State Calculations
The inverse pytri complexes were found to be non-emissive in CH2Cl2 solution
at room temperature while the regular complexes have a very weak emission (E
of 0.0001) at 594 and 596 nm for [Ru(r-Ph)(bpy)2]2+ and [Ru(r-Bn)(bpy)2]2+,
respectively. The excited state lifetimes were too short to be measured using
nanosecond TA or TE. This is in contrast to [Ru(bpy)3]2+ which has a lifetime of
488 ns in CH2Cl2 and a quantum yield of 0.026.164 Short excited state lifetimes
in Ru(II) complexes are usually attributed to relaxation through d-d states, also
known as metal-centered (MC) or ligand-eld states.165 A well-known example of
this is [Ru(terpy)2]2+ (terpy = 2,2':6',2-Terpyridine) which has a much shorter
lifetime ( = 0.25 ns) than [Ru(bpy)3]2+.82 The tridentate terpy ligands cause
a larger distortion from a perfect octahedral structure than the bpy ligands in
[Ru(bpy)3]2+. This results in an eectively lower ligand eld strength which lowers
the energy of MC states.82 It has been shown that tridentate ligands with larger
bite angles can form Ru(II) complexes with very long excited state lifetimes and
nearly perfect octahedral coordination.166,167
3MC states are formed by population of anti-bonding d orbitals. The anti-
bonding nature results in elongation of the metal-ligand bonds, rapid relaxation
to the ground state, and potential displacement of ligands.150 From crystal eld
theory it is expected that a low-spin octahedral d6 complex would have populated
dxy, dxz and dyz orbitals and unpopulated dz2 and dx2 y2 orbitals. Population
of the dz2 or dx2 y2 orbitals would be expected to increase the two axial or four
equatorial RuN bond lengths, respectively.167
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DFT calculations were used to model these states in the Ru(II) pytri com-
plexes and [Ru(bpy)3]2+. A computational procedure developed by Persson and
co-workers167,168 was used to optimize structures of the ground, 3MLCT and 3MC
states. The procedure involves optimizing the singlet ground state of the complex
and then the 3MLCT state starting from the ground state geometry by chang-
ing the spin multiplicity using unrestricted DFT. There are typically only slight
dierences in bond lengths (~0.03 Å) between the ground and 3MLCT states.167
3MC states are then optimized by increasing RuN bond lengths of the optimized
3MLCT structure and commencing the optimization with unrestricted DFT. The
optimized structure of the 3MC state of [Ru(terpy)2]2+ was found to have a pair
of RuN bonds which increase in length by about 0.3 Å over the 3MLCT state.167
Three dierent computational methods were tested. Optimized ground state
structures of the complexes were compared to structures determined by x-ray crys-
tallography. Crystal structures have been reported for all four Ru(II) pytri com-
plexes.115,151 Table 4.8 gives RuN bond lengths for the four complexes. [Ru(bpy)3]2+
has a N-Ru-N angle which has been measured several times, the average is 78.77°
which is only slightly larger than the pytri complexes.169 Two dierent crystal
structures of both [Ru(i-Bn)(bpy)2]2+ and [Ru(r-Bn)(bpy)2]2+ have been reported.
These polymorphs show signicant dierences in RuN bond lengths from each
other which shows that there can be signicant variations due to packing eects
which may be irrelevant to these solution studies. The benzyl-substituted com-
plexes have signicant dierences in their RuN bond lengths from the phenyl-
substituted complexes. Both the PBE0 and B3LYP functionals have been found to
perform well with Ru(II) polypyridyl complexes.167,170 The PBE0 functional was
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DFT Method DFT Method
Complex exp. A B C exp. A B C
[Ru(i-Ph)(bpy)2]
2+ 2.062 2.107 2.107 2.093 2.050 2.050 2.050 2.034
[Ru(i-Bn)(bpy)2]
2+ 2.080b 2.107 2.107 2.093 2.030b 2.050 2.050 2.035
[Ru(r-Ph)(bpy)2]
2+ 2.088 2.120 2.119 2.105 2.021 2.060 2.060 2.045
[Ru(i-Bn)(bpy)2]
2+ 2.081b 2.119 2.118 2.105 2.0505c 2.062 2.062 2.048
a Method A: PBE0/LANL2DZ/6-31G(d); Method B: PBE0/LANL2DZ/6-311G(d,p);
Method C: PBE0/SDD/6-311G(d,p);
b Average of values measured for two polymorphs reported in Reference 115.
c Average of values measured for two polymorphs reported in References 115 and 169.
chosen along with the PCM model for CH2Cl2 and three dierent combinations of
basis sets. Persson and co-workers recommend against using the LANL2DZ ECP
and basis set for ruthenium167 and instead favor SDD. To examine the eect of dif-
ferent basis sets LANL2DZ was used in combination with 6-31G(d) (basis set A) or
6-311G(d,p) (basis set B) for other atoms while SDD59 was used with 6-311G(d,p)
(basis set C). All three methods calculate the ground state RuNtri and RuNpy
bond lengths adequately as shown in Table 4.8. Unlike the experimental data,
the calculated bond lengths and angles are almost completely insensitive to the
triazole substituent. This shows that the X-ray stuctures may not be good repre-
sentations of the solution phase structures which are of interest here. Nonetheless,
the SDD/6-311G(d,p) calculations predict the RuN bond lengths most accurately
except for RuNtri bond length of [Ru(i-Ph)(bpy)2]2+.
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Figure 4.7: The axes corresponding to the non-equivalent pairs of RuN
bond lengths in the Ru(II) pytri complexes with [Ru(i-Ph)(bpy)2]2+ in its
3MLCT state calculated with PBE0/LANL2DZ/6-31G(d) as an example
(method A).
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3MLCT States
Optimization of the 3MLCT states was carried out with the same three meth-
ods for all ve complexes. A C2 symmetric state is expected for [Ru(bpy)3]2+
based on time-resolved resonance Raman measurements.139,170 The results using
PBE0/SDD/6-311G(d,p) give a state with the expected symmetry while the meth-
ods employing LANL2DZ result in structures with six distinct RuN bond lengths.
However, the calculated spin density distribution is very consistent for the three
methods. Figure 4.8 gives an example spin density plot for the 3MLCT state
of [Ru(bpy)3]2+ with method A which appears essentially identical to the other
methods. As expected for a 3MLCT state, a spin density of about 1 is found for
the Ru atom while the other unpaired spin is localized on a single bpy ligand. The
RuN bond lengths for the bpy ligand with the unpaired spin (bpy ) are signif-
icantly shorter (0.033-0.041 Å) while the RuN bonds trans to these are slightly
longer and the other pair of RuN bonds are almost unchanged. This is consistent
with picosecond pump-probe X-ray absorption spectroscopy measurements.171
In contrast to [Ru(bpy)3]2+, the bpy ligands of the Ru(II) pytri complexes
are non-equivalent. With one exception, the optimized 3MLCT structures of
the pytri complexes show that the unpaired electron is found on the bpy ligand
which is trans to the triazole ring with all three computational methods. This
can be seen in the spin density plots in Figure 4.9 with [Ru(r-Bn)(bpy)2]2+ and
[Ru(i-Ph)(bpy)2]2+ as examples. As in [Ru(bpy)3]2+, the RuN bond lengths to
the bpy  ligand decrease. This corresponds to the bonds along the a and c axes in
Figure 4.7. Calculated bond lengths of [Ru(bpy)3]2+ and [Ru(i-Ph)(bpy)2]2+ are
collected in Tables 4.9 and 4.10. Further calculated bond lengths are given in Ap-
84 CHAPTER 4. MLCT STATES OF RUTHENIUM(II) COMPLEXES
Figure 4.8: Spin density plot of [Ru(bpy)3]2+ in its 3MLCT state calculated
with PBE0/LANL2DZ/6-31G(d) (isovalue = 0.005).
pendix B. For [Ru(bpy)3]2+ (Table 4.9) all three axes are equivalent. Attempts to
optimize a second 3MLCT state for the [Ru(pytri)(bpy)2]2+ complexes where the
bpy  ligand is found trans to the pyridyl ring of the pytri ligand failed although
such a state might be expected to exist at slightly higher energy.
A second 3MLCT state was found for [Ru(i-Ph)(bpy)2]2+ using LANL2DZ/6-
31G(d) (method A). This state has spin density on the inverse pytri ligand rather
a bpy ligands as shown in Figure 4.10. A bpy-based 3MLCT state was also found
with this method by starting with the geometry of the 3MLCT state as optimized
using method C rather than the ground state geometry. The pytri-based 3MLCT
state is found at slightly lower energy (2.6 kcal/mol) than the bpy-based 3MLCT
state. Pytri-based 3MLCT states could not be optimized with the other methods
used. Although such a state probably does exist it would be expected at higher
energy than the bpy-based MLCT state(s) because reduction of the pytri ligand
is more dicult than bpy reduction.
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Figure 4.9: Spin density plots (isovalue = 0.005) of the 3MLCT states of
[Ru(r-Bn)(bpy)2]2+ calculated with PBE0/LANL2DZ/6-31G(d) (left) and
[Ru(i-Ph)(bpy)2]2+ calculated with PBE0/SDD/6-311G(d,p) (right).
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Figure 4.10: Spin density plot of [Ru(i-Ph)(bpy)2]2+ in a pytri-based
3MLCT state calculated with PBE0/LANL2DZ/6-31G(d) (isovalue =
0.005).
3MC States
For [Ru(bpy)3]2+ a previous computational study examined a 3MC state where one
pair of RuN bonds trans to each other were increased in length (corresponding to
population of the dz2 orbital.170 To determine if population of the dx2 y2 orbital
was also possible a starting geometry in which all four equatorial RuN bonds were
lengthened was also tested. However, no optimized geometry with four lengthened
RuN bonds was found as a local minimum. All three basis sets give similar
structures for the triplet states. The 3MC state of [Ru(bpy)3]2+ is characterized
by two RuN bonds which are increased in length from about 2.08 Å to about
2.45 Å and a spin density of about 2 on the Ru atom. The state is very close in
energy to the 3MLCT state. With LANL2DZ (methods A and B) it is calculated
that 3MC is slightly lower in energy while with SDD (method C) it is higher in
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Figure 4.11: Spin density plot of [Ru(bpy)3]2+ in its 3MC state calculated
with PBE0/LANL2DZ/6-31G(d) (isovalue = 0.005).
energy. There is also disagreement in the literature about whether the 3MC or
3MLCT state is higher in energy.165,170
For the Ru(II) pytri complexes three distinct pairs of RuN bonds exist, cor-
responding to the a, b and c axes shown in Figure 4.7. Attempts to optimize 3MC
states with pairs of trans RuN bonds each independently increased in length
were made. For each compound two 3MC states were found. These have increased
RuN bond lengths along either the a or b axes and are termed 3MCtri where the
RuNtri bond is broken and 3MCpy where the RuNpy bond is broken. In addi-
tion, a state with the RuN bond lengths along both the a and b axes increased
in length was considered but failed to optimize, as with [Ru(bpy)3]2+.
Both 3MCpy and 3MCtri states were calculated to be at lower energy than the
3MLCT state. Also the 3MCpy state was calculated to be lower in energy than the
3MCtri state except in the case of method A for [Ru(i-Ph)(bpy)2]2+. Figure 4.12
shows the relative energies of the 3MLCT, 3MCpy and 3MCtri states for all ve
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Figure 4.12: Energies of the 3MC states of the [Ru(N bN)(bpy)2]2+ com-
plexes relative to their 3MLCT states as calculated with PBE0/SDD/6-
311G(d,p) and the PCM model for CH2Cl2 (method C).
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Table 4.9: RuN bond lengths (Å) and spin densities of [Ru(bpy)3]2+ in
its ground and triplet excited states calculated with PBE0/LANL2DZ/6-
31G(d)/PCM (method A). The distances ra+ and ra  and so on refer to
pairs of trans RuN bond lengths as shown in Figure 4.7. The values in
bold are the bond lengths which are most dierent from the ground state
(GS).
RuN Bond GS 3MLCT 3MC
ra+ 2.084 2.043 2.097
ra  2.084 2.114 2.149
rb+ 2.084 2.048 2.097
rb  2.084 2.112 2.150
rc+ 2.084 2.085 2.454
rc  2.085 2.084 2.451
Ru Spin  0.98 1.88
molecules calculated with method C which was assumed to be the most accurate
of the three methods. The results using the other methods are shown in Appendix
B.The 3MC states for the inverse Ru(II) pytri complexes are calculated to be lower
in energy relative to their 3MLCT states. This larger driving force is consistent
with these complexes undergoing faster rapid non-radiative relaxation than the
regular pytri complexes. Transition state energies are probably more important
for calculating the 3MC relaxation processes in these molecules but they have not
yet been determined.167,168
4.8 Solvolysis
The UV-vis spectra and short excited state lifetimes of the [Ru(pytri)(bpy)2]2+
complexes suggests that they are not suited for photochemical applications. It
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Table 4.10: Bond lengths (Å) and spin densities of [Ru(i-Ph)(bpy)2]2+
in its ground and triplet excited states calculated with PBE0/SDD/6-
311G(d,p)/PCM. The distances ra+ and ra  and so on refer to pairs of
trans RuN bond lengths as shown in Figure 4.7. The values in bold are
the bond lengths which are most dierent from the ground state (GS).
RuN Bond GS 3MLCT 3MCtri 3MCpy
ra+ 2.034 2.070 2.489 2.122
ra  2.069 2.035 2.354 2.080
rb+ 2.093 2.104 2.149 2.588
rb  2.065 2.061 2.079 2.353
rc+ 2.071 2.044 2.138 2.079
rc  2.075 2.102 2.082 2.079
Ru Spin  1.00 1.87 1.90
was shown in the previous section that the 3MC states of the complexes have two
very long RuN bonds. This makes the complexes prone to ligand displacement.
[Ru(bpy)3]2+ is known to undergo photochemical conversion to [Ru(bpy)2Cl2] in
the presence of chloride ions.172 This is thought to occur via a 3MC state.150,172
One potential use for photolabile Ru(II) complexes is in photodynamic ther-
apy.173175
It was found that the Ru(II) inverse pytri complexes are unstable in coordi-
nating solvents unless kept in the dark. Regular pytri complexes are generally
more stable according to ligand competition experiments.115 NMR studies show
that after illumination at 254 nm in CD3CN at 35 °C [Ru(i-Ph)(bpy)2]2+ and
[Ru(i-Bn)(bpy)2]2+ form cis-[Ru(bpy)2(CD3CN)2]2+ and free pytri ligand.115 The
regular complexes are much more stable under these conditions.
DFT calculations were used to investigate this photochemical solvolysis re-
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Figure 4.13: Solvolysis scheme for the inverse Ru(II) pytri complexes.
action. NMR studies indicate that a stable intermediate is formed in which the
pytri ligand is bound in a monodentate fashion. Either the pyridyl or triazole
nitrogen remains bound while the other is replaced by a solvent molecule. It was
not possible to discern whether the triazole or pyridyl nitrogen remains bound
experimentally. Such a 1 intermediate is known to exist when displacement of
a bpy ligand of [Ru(bpy)3]2+ by thiocyanate ions occurs.172 Displacement of the
pytri ligand was assumed to occur in a stepwise manner by a mechanism where a
CH3CN molecule initially displaces one of the chelating nitrogen atoms as shown
in Figure 4.13. Two possible intermediates were considered. In "Intermediate A"
the pytri ligand remains bound through triazole N2 while the pyridyl nitrogen
is displaced by CD3CN. Displacement of the triazole nitrogen by CD3CN would
result in "Intermediate B" which was also considered.
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Figure 4.14: Energy level diagram for photochemical ligand substitution of
[Ru(i-Ph)(bpy)2]2+ calculated with PBE0/LANL2DZ/6-31G(d). A slightly
higher energy for intermediate B of [Ru(i-Bn)(bpy)2]2+ (23 kcal/mol) was
calculated but all other values are identical.
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The PBE0/LANL2DZ/6-31G(d) method used above for investigating the 3MC
states was used in conjunction with the PCM model for CH3CN. The overall
solvolysis reaction was found to be endergonic by about 6 kcal/mol but is driven
forward by the high concentration of CH3CN. As shown in Figure 4.14, displace-
ment of one half of the pytri ligand by CH3CN was found to be uphill by 17 to
23 kcal/mol depending on whether the pyridyl or triazole ring is displaced. In-
termediate A, in which the triazole ring remains bound, was found to be more
stable than intermediate B. This is in accord with the ndings for the 3MC states
where the 3MCtri state was found to be less stable than the 3MCpy state. It
is not known whether the breaking of the RuNpytri bond and formation of the
RuNCH3CN bond happens in a step-wise or concerted manner but 5-coordinate
Ru(II) complexes are known to exist as intermediates in solvolysis reactions.174
4.9 Conclusion
Some heteroleptic Ru(II) complexes were studied using computational chemistry,
electrochemistry, and spectroscopic techniques. The lowest visible absorption band
appear at somewhat higher energy and lower intensity than in [Ru(bpy)3]2+. Based
on electrochemistry, TD-DFT and resonance Raman spectroscopy it is determined
that the Franck-Condon state involves formation of a bpy-based MLCT state as
in [Ru(bpy)3]2+.
Unlike [Ru(bpy)3]2+, the complexes have very short excited state lifetimes and
no 3MLCT state could be detected with nanosecond transient emission and absorp-
tion spectroscopies. Emission from the [Ru(pytri)(bpy)2]2+ complexes was very
94 CHAPTER 4. MLCT STATES OF RUTHENIUM(II) COMPLEXES
weak or undetectable. The fast rapid non-radiative relaxation is attributed for-
mation of non-emissive 3MC states which quickly relax to the ground state. DFT
calculations were used to examine the energetics of the 3MLCT and 3MC states of
the [Ru(pytri)(bpy)2]2+ complexes as well as [Ru(bpy)3]2+. Some ambiguity still
surrounds the behavior of the 3MLCT and 3MC states in [Ru(bpy)3]2+ although
it is an extremely heavily studied system. The computational results indicate that
the two states are nearly isoenergetic in [Ru(bpy)3]2+ but the non-radiative 3MC
states lie somewhat lower in energy for the [Ru(pytri)(bpy)2]2+ complexes. Two
3MC states of the pytri complexes were found as local minima on the triplet excited
state surface using unrestricted DFT. These involve elongation of RuN bonds of
the triazole or pyridyl ring of the pyti ligand. The state involving elongation of
the RuNpy bond is found to be more stable. This state is likely to dominate the
relaxation process.
Photosolvolysis of the inverse pytri complexes in CD3CN was studied using
DFT. The pytri ligand was found to be replaced by two solvent molecules when
irradiated with UV light. A step-wise mechanism involving displacement of the
pyridyl ring of the pytri ligand followed by the triazole ring was found to be most
energetically favorable. This is likely due to elongated RuNpy bonds in the 3MC
states of the molecules which are formed when they absorb light.
Chapter 5
MLCT States of Platinum(II)
Complexes
5.1 Background
Square-planar d8 platinum(II) complexes are of interest for photocatalytic appli-
cations.176,177 Like the Re(I) and Ru(II) complexes studied in previous chapters
they have MLCT absorption bands in the visible region which can be utilized.
Typically the complexes have a single acceptor (N bN) type ligand (most com-
monly bpy or phen) and either two monodentate donor ligands [Pt(NbN)X2] or
a single bidentate donor ligand [Pt(NbN)Y]. Other variations have also been
studied, such as those with tridentate and cyclometallating ligands.176,178183 The
MLCT states of Pt(II) complexes are thought to be much more reactive than those
of d6 complexes because a Pt(III)-like state is formed which is coordinatively un-
saturated.184 Square-planar platinum(II) complexes are prone to stacking and/or
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Figure 5.1: Structures of some platinum(II) complexes related to those
studied in this chapter.
dimerization in the ground and excited states.176,185 Increasing steric bulk can
help prevent this which is why many complexes are substituted with tert -butyl
groups. As discussed in previous chapters, the energy and lifetime of MLCT states
depends on the d-d splitting of the complex. In order to achieve long excited state
lifetimes Pt(II) complexes require strongly -donating ligands such as thiolates
and acetylides.183,184,186 Halides and amines are generally not strong enough lig-
ands to provide MLCT emission in uid solution.176,187,188 The structures of some
related bpy and dbbpy complexes are given in Figure 5.1. Table 5.1 gives their
photophysical properties ordered by the strength of their donating ligands. The
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Table 5.1: Photophysical properties of the references compounds in Figure
5.1.
max Em 
Complex (nm) (nm) (s) E Solvent Reference
[Pt(bpy)2](NO3)2 323    H2O 190
[Pt(dbbpy)Cl2] 389    CH2Cl2 191
[Pt(dbbpy)(CCPh)2] 396 562 1.36 0.34 CH2Cl2 192
[Pt(dbbpy)(MeSSPh)] 563 641 0.504 0.00108 CH2Cl2 186
[Pt(dbbpy)(dbOOPh)] 592    CH2Cl2 193
more strongly-donating ligands cause an increase in the ligand eld splitting while
the  orbital remain at approximately constant energy, as illustrated in Figure
5.2. This is expected to cause a red-shift in MLCT bands as well as a blue-shift in
d-d bands. Of the ve compounds listed in Table 5.1 only two have appreciable
excited state lifetimes and are emissive. These have strongly donating dithio-
late (MeSSPh2 ) and phenylacetylide (CCPh ) ligands. The bis(phenylacetylide)
complex has the longest excited state lifetime and highest quantum yield. Its
absorption maximum is slightly red-shifted compared to the dichloro complex
[Pt(dbbpy)Cl2], which is not emissive. Excited state lifetimes of [Pt(NbN)Cl2]
complexes have been estimated at about 15 ps, several orders of magnitude shorter
than bis(phenylacetylide) complexes.189 This has been attributed to relaxation
through d-d states as in many other transition metal complexes.
The dithiolate and catecholate complexes have absorption bands much far-
ther into the visible region than the other compounds due to increased HOMO
energy levels. The quantum yields for these are however much lower than for
[Pt(dbbpy)(CCPh)2]. No emission is observed from [Pt(dbbpy)(dbOOPh)] which
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Figure 5.2: Qualitative energy level diagram depicting how increased ligand
eld strength leads to a change in MLCT and d-d transition energies.
5.2. THE COMPLEXES 99
could be explained by the energy gap law as it would be expected to have a low
energy emission and therefore the fastest non-radiative decay rate.88 However,
there have also been group theoretical arguments used to explain the excited state
lifetimes of Pt(II) complexes which this chapter attempts to clarify.193
5.2 The Complexes
Synthesis of the complexes studied in this chapter were synthesized in the
laboratory of Dr. James Crowley using standard synthetic methods.115,186,194
The complexes studied here use the "regular" pyridyl 1,2,3-triazole (pytri) lig-
ands studied in previous chapters as their acceptor (N b N) ligand. The
pytri ligands are substituted with a hexyl or octyl chain which improve the
solubility of the complexes but should not aect their photophysical behav-
ior.115,128,129 The structures of the complexes are shown in Figure 5.3. A bis(pytri)
complex was investigated ([Pt(pytri)2](OTf)2) as well as a dichloride complex
([Pt(pytri)Cl2]), a bis-phenylacetylide complex [Pt(pytri)(CCPh)2], a catecholate
complex ([Pt(pytri)(OOPh)]), and a dithiolate complex ([Pt(pytri)(SSPh)]). This
series of complexes spans a range of ligand-eld strengths to show how this af-
fects the MLCT excited state behavior. With the exception of cyclometallated
complexes,178 most studies on this class of compounds have involved symmetri-
cal acceptor ligands such as bpy and phen. The pytri ligand has been shown to
behave very similarly to these ligands in many other circumstances but for Pt(II)
complexes there have been suggestions that symmetry plays an important role
in controlling excited state behavior.193 Due to its reduced symmetry the pytri
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Figure 5.3: Structures of the platinum(II) complexes studied in this chap-
ter.
ligand allows this eect to be probed.
5.3 Electronic absorption and TD-DFT
Electronic absorption spectra of the Pt(II) pytri complexes were recorded in CH2Cl2.
Beers law plots were linear, suggesting that none of the complexes aggregate in the
concentration range used (up to about 500 M). TD-DFT calculations including
the PCM solvation model for CH2Cl2 were performed on the ve complexes using
B3LYP with LANL2DZ ECP for the Pt atoms and 6-31G(d) for other atoms. Mul-
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Figure 5.4: Electronic absorption spectra of [Pt(pytri)2](OTf)2,
[Pt(pytri)Cl2] and [Pt(pytri)(CCPh)2] in CH2Cl2.
liken population analysis was performed in order to aid interpretation of the TD-
DFT results. The alkyl triazole substituents were shortened to methyl groups for
computational simplicity. The electronic absorption spectra of [Pt(pytri)2](OTf)2,
[Pt(pytri)Cl2] and [Pt(pytri)(CCPh)2] are shown in Figure 5.4. [Pt(pytri)2]2+
shows bands at 286 nm and 308 nm. Shoulders appear at 299, 324, 334 and 349
nm.
Spectra simulated with TD-DFT do not accurately reproduce the experimental
spectrum of [Pt(pytri)2]2+ (Table 5.2). The strongly allowed HOMO-3!LUMO
transition predicted to be the 5th lowest energy transition likely corresponds to the
strong peak at 308 nm. This is an MLLCT (metal-ligand-to-ligand) type transition
with a large proportion of the HOMO-3 density residing on the pyridine rings of
the ligands as well as the platinum center (Figure 5.5). [Pt(bpy)2]2+ has a band
102 CHAPTER 5. MLCT STATES OF PLATINUM(II) COMPLEXES
at 312 nm with a similar extinction coecient which has been assigned as a ; 
transition.195 The other bands may be due to vibronic coupling or other weak
transitions. Several weak MLCT and d-d transitions are also predicted but they
cannot account for all of the observed bands. [Pt(bpy)2]2+ has a shoulder at about
350 nm which has not been assigned and has a similar extinction coecient to the
shoulder observed for [Pt(pytri)2]2+ at 349 nm.190,195
Table 5.2: TD-DFT data with Mulliken analysis for [Pt(pytri)2]2+. See
Table C.1 for full results.
#  (nm) f MO conguration Pt Me py tri
2 327 0.0082 HOMO-1!LUMO (100%) 96!5 0!0 2!62 2!32
3 320 0.0109 HOMO!LUMO (88%) 28!5 1!0 39!62 32!32
5 292 0.2904 HOMO-3!LUMO (92%) 55!5 0!0 39!62 5!32
10 275 0.1662 HOMO-4!LUMO (83%) 44!5 1!0 19!62 36!33
The electronic absorption spectrum of [Pt(pytri)Cl2] shows a band at 350 nm
with a shoulder at about 365 nm. For dichloride complexes of this type there is typ-
ically an MLCT band in the near-UV. As summarized in Table 5.3 and Figure 5.5,
TD-DFT calculations for [Pt(pytri)Cl2] predict four MLCT transitions at similar
wavelengths. All involve the LUMO which is a orbital and dierent d orbitals.
The HOMO ! LUMO MLCT transition is the lowest in energy of the four but
much weaker (f=0.0051) than the HOMO-1! LUMO transition (f=0.0999). The
HOMO-2 ! LUMO MLCT transition is predicted to lie between these but has
the weakest oscillator strength of the three (0.0031). The fourth MLCT transition
(HOMO-3! LUMO) has an oscillator strength of 0 but is predicted at nearly the
same wavelength as the strong (HOMO-1! LUMO) MLCT transition. Addition-
ally, four d-d transitions are predicted with oscillator strengths of 0.0005 or lower.
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Three of these fall below the HOMO ! LUMO MLCT transition and one above.
Table 5.3: TD-DFT data with Mulliken analysis for [Pt(pytri)Cl2]. Only
the MLCT transitions are listed. See Table C.2 for full results.
#  (nm) f MO conguration PtCl2 Me py tri
4 365 0.0051 HOMO-2!LUMO+1 (17%),
HOMO!LUMO (75%)
94!21 0!0 4!57 3!22
6 353 0.0031 HOMO-2!LUMO (94%) 99!6 0!0 1!69 1!25
7 333 0.0999 HOMO-1!LUMO (93%) 88!6 0!0 6!68 6!26
8 328 0.0000 HOMO-3!LUMO (93%) 97!6 0!0 1!69 2!25
The electronic absorption spectrum of [Pt(pytri)(CCPh)2] shows a band at 362
nm which is signicantly red-shifted and increased in intensity compared to the
dichloride and bis-pytri complexes. There are two MLCT transitions predicted
(Figure 5.5 and Table 5.4) at similar wavelength with the longer wavelength tran-
sition (HOMO ! LUMO) having a lower oscillator strength than the shorter
wavelength transition (HOMO-1 ! LUMO), much like in Re(I) complexes.85,115
No low energy d-d transitions are predicted due to the more strongly donating
character of the acetylide ligands. Mulliken analysis shows that the HOMO and
HOMO-1 orbitals are strongly mixed d orbitals with large contributions from
the acetylide ligands. These transitions would therefore more accurately be called
MLLCT transitions because the donor orbitals are of mixed Pt-acetylide character.
The HOMO appears as an out-of-phase combination of two acetylide  orbitals
while the HOMO-1 is an in-phase combination of these two orbitals. Substituted
bpy complexes are also thought to have two nearby MLCT bands.196
The electronic absorption spectra of the complexes with stronger-eld, biden-
tate ligands (OOPh2  and SSPh2 ) is shown in Figure 5.6. The lowest energy
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Figure 5.5: Frontier molecular orbitals of [Pt(pytri)2]2+, [Pt(pytri)Cl2] and
[Pt(pytri)(CCPh)2] calculated with B3LYP.
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Table 5.4: TD-DFT data with Mulliken analysis for [Pt(pytri)(CCPh)2].
"CCPh A" represents the phenylacetylide ligand trans to the pyridyl ring
while "CCPh B" represents the ligand trans to the triazole ring. See Table
C.3 for full results.
#  (nm) f MO conguration Pt Me py tri CCPh A CCPh B
1 464 0.0758 HOMO!LUMO (96%) 13!4 0!0 1!69 0!24 64!2 21!1
2 425 0.2092 HOMO-1!LUMO (96%) 16!4 0!0 2!69 2!24 19!2 61!1
Figure 5.6: Electronic absorption spectra of [Pt(pytri)(OOPh)] and
[Pt(pytri)(SSPh)] in CH2Cl2.
Table 5.5: TD-DFT with Mulliken analysis for [Pt(pytri)(OOPh)]. The
Oxygen atom trans to the pyridine and triazole rings are denoted 'O-py' and
'O-tri' respectively. The benzene ring of the catecholate ligand is denoted
'Ph'. See Table C.4 for full results.
#  (nm) f MO conguration Pt Me py tri O-py O-tri Ph
1 617 0.1227 HOMO!LUMO (99%) 7!6 0!0 2!68 2!23 17!1 16!1 56!1
3 438 0.0086 HOMO-1!LUMO (92%) 15!6 0!0 1!67 1!25 10!1 11!1 62!1
5 429 0.0254 HOMO!LUMO+2 (96%) 8!2 0!4 2!14 2!80 17!0 15!0 56!0
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Figure 5.7: Frontier molecular orbitals of [Pt(pytri)(OOPh)] and
[Pt(pytri)(SSPh)] calculated with B3LYP.
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Table 5.6: TD-DFT data with Mulliken analysis for [Pt(pytri)(SSPh)]. The
Sulfur atom trans to the pyridine and triazole rings are denoted 'S-py' and
'S-tri' respectively. The benzene ring of the dithiolate ligand is denoted
'Ph'. See Table C.5 for full results.
#  (nm) f MO conguration Pt Me py tri S-py S-tri Ph
1 521 0.1247 HOMO!LUMO (98%) 14!4 0!0 2!70 2!23 26!1 23!1 33!0
3 464 0.0091 HOMO-1!LUMO (96%) 18!4 0!0 1!70 1!23 23!1 26!1 31!0
6 375 0.0185 HOMO!L+3 (95%) 14!2 0!3 2!16 2!79 26!0 23!0 33!0
bands appear even farther into the visible. [Pt(pytri)(SSPh)] has the most red-
shifted absorption spectrum. The lowest energy band appears at 508 nm which is
slightly lower in energy than that of [Pt(pytri)(OOPh)] (500 nm). This is the op-
posite trend normally found for this class of complex where catecholate complexes
usually have longer wavelength absorption bands than dithiolate complexes.193
The band for [Pt(pytri)(OOPh)] has a lower maximum extinction coecient but
is broader than the SSPh complex which is also true of the corresponding dbbpy
complexes.193 The catecholate and dithiolate complexes have further shoulders at
316 and 336 nm respectively and what appear to be weak poorly resolved bands
between 350 nm and 450 nm on the blue side of the longest wavelength band.
TD-DFT results for [Pt(pytri)(OOPh)] and [Pt(pytri)(SSPh)] (Figure 5.7 and
Tables 5.5 and 5.6) are very similar. The lowest energy transitions (HOMO !
LUMO) are MLLCT bands with the HOMOs having large contributions from
the donor ligands while the LUMO is a  orbital like the LUMO of all the
other pytri complexes discussed thus far. The next transition with signicant
oscillator strength (~0.02) for each complex is another MLLCT type transition
involving the HOMO and a higher energy pytri-based orbital (LUMO+2 for
[Pt(pytri)(OOPh)] and LUMO+3 for [Pt(pytri)(SSPh)]). One noteworthy point is
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that these TD-DFT calculations overestimate the wavelength of the lowest energy
transitions for [Pt(pytri)(OOPh)] much more severely than for [Pt(pytri)(SSPh)].
The calculations predict that [Pt(pytri)OOPh] should have a more red-shifted
absorbance than [Pt(pytri)SSPh] when the actual ordering is the opposite of this.
The tendency of TD-DFT calculations to underestimate CT transition energies
is related to the distance between donor and acceptor orbitals. Huang et al. 51
have shown that there is an optimal amount of Hartree-Fock exchange a density
functional should use in order to accurately predict a given transition energy. The
optimal amount was found to scale linearly with the distance between donors
and acceptors. Since B3LYP in this case (20% HF exchange) underestimates the
transition energy for [Pt(pytri)(OOPh)] to a larger degree, this implies that this
molecule has a larger optimal HF value. This means that the distance between the
donor and acceptor orbitals is larger. Since the two molecules are essentially equal
in size and have identical LUMO orbitals this must mean that the HOMO orbital
of [Pt(pytri)(OOPh)] is more delocalized onto the donor ligand. Put another way,
the transition is better described as a Ligand-to-Ligand CT (LLCT) transition
rather than as an MLCT transition.
Although it is not obvious from the molecular orbital diagrams, Mulliken anal-
ysis shows that the Pt and S atoms contribute most of the electron density to the
HOMO of [Pt(pytri)(SSPh)] while more than half of the density of the HOMO for
[Pt(pytri)(OOPh)] comes from the benzene ring of the catecholate ligand. This
means that there is a longer charge transfer distance for [Pt(pytri)(OOPh)]. Ra-
man spectroscopy was used in the next section to further understand how the
excited states of these two molecules dier.
5.4. RAMAN SPECTROSCOPY 109
5.4 Raman Spectroscopy
Resonance Raman was performed in order to examine the Franck-Condon states
of the Pt(II) pytri complexes. Raman spectra at wavelengths coincident with
the longest wavelength bands of each complex are shown in Figure 5.8. There
are eight bands characteristic of MLCT transitions in pytri complexes which are
highlighted. Resonance Raman spectra of Re(I) pytri complexes also show the
same enhancement pattern when their MLCT bands are probed.121 These are
enhanced in all of the Pt(II) pytri complexes except for [Pt(pytri)2]2+ where only
six are found. However, all eight modes can be found in the non-resonant 1064
nm spectrum of [Pt(pytri)2](OTf)2 (Figures 5.9 and 5.10). This suggests that the
lowest energy transition is not MLCT in nature but more likely ; .
TD-DFT and Raman show that the other Pt(II) pytri complexes have CT
bands as their lowest energy strong electronic transitions. Calculated Raman
spectra were used to further assign the modes associated with the various donor
ligands in these complexes. The same method used for TD-DFT was used (B3LYP
with LANL2DZ and 6-31G(d) basis sets and a PCM model for CH2Cl2). Of
these four complexes [Pt(pytri)Cl2] (Figure 5.11) has the simplest Raman spectra
because only bands associated with the pytri ligand are observed. The modes
depicted in Figure 5.12 were assigned by comparing the DFT calculated spectra
to non-resonant FT-Raman spectra. These correspond to the eight bands in Figure
5.8 plus an additional band at 1215 cm 1 which was dicult to unambiguously
assign for the other complexes.
The Raman spectra of [Pt(pytri)(CCPh)2] are shown in Figure 5.13. The
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Figure 5.8: A comparison of resonance Raman spectra of the Pt(II) pytri
complexes (0.5  1 mM in CH2Cl2) probed in their lowest energy absorption
bands. Solvent bands are indicated with an asterisk. The highlighted bands
are indicative of CT transitions in pytri complexes.
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Figure 5.9: Raman spectra of [Pt(pytri)2]2+. Solvent bands are indicated
with an asterisk. The non-resonant (1064 nm) Raman spectrum was ac-
quired with a neat solid sample.
Figure 5.10: Calculated normal mode diagrams and experimental Raman
band frequencies of [Pt(pytri)2]2+.
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Figure 5.11: Raman spectra of [Pt(pytri)Cl2]. Resonance spectra were
acquired with 1 mM solutions in CH2Cl2. Solvent bands are indicated with
an asterisk. The non-resonant (1064 nm) Raman spectrum was acquired
with a neat solid sample.
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Figure 5.12: Calculated normal mode diagrams and experimental Raman
band frequencies of [Pt(pytri)Cl2].
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spectra are very similar to those of the dichloride complex but an additional ve
modes appear which are associated with the phenylacetylide ligands (Figure 5.14).
Modes 85 and 86 which are phenylacetylide CH wagging modes are calculated
to be within 1.5 cm 1 of each other and cannot be resolved as separate bands.
The phenylacetylide ring stretching modes 113 and 114 appear as a single strong
band at 1594 cm 1 which overlaps the characteristic pytri band at 1584 cm 1.
At 2118 and 2129 cm 1 there are very strong CC stretching modes. Much like
Re(I) tricarbonyl complexes the lower energy band is an out-of-phase stretching
mode (116) while the higher energy band (117) is assigned as an in-phase stretch.
These are both enhanced in the resonance spectra unlike Re(I) complexes where
only the in-phase stretching band is typically enhanced.197 The CC stretches
are most strongly enhanced at 407 and 413 nm on the red edge of the absorption
band. The relative intensities of the two bands appears to vary, with the in-
phase stretch becoming weaker at shorter wavelengths. This may show that two
dierent MLLCT bands are being probed as TD-DFT calculations predicted a pair
of transitions at similar wavelength. The vibrational mode diagrams show that the
in-phase stretch has more magnitude on the phenylacetylide ligand trans to the
pyridyl ring of the pytri ligand while the out-of-phase mode has more amplitude on
the ligand trans to the triazole ring. This is in line with dierences in the Mulliken
analysis for the two MLLCT transitions. The lower-energy transition (Table 5.4)
involves electron transfer from the HOMO which is an out-of-phase overlap of the
phenylacetylide ligands with more density found on the ligand trans to the pyridyl
ring. The HOMO-1 orbital is an in-phase overlap of the phenylacetylide ligands
with more density residing on the ligand trans to the triazole ring. This is the
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Figure 5.13: Raman spectra of [Pt(pytri)(CCPh)2]. Resonance spectra
were acquired with 1 mM solutions in CH2Cl2. The intensity of the region
between 2100 and 2200 cm 1 in the resonant spectra was decreased by a
factor of 3 for clarity. Solvent bands are indicated with an asterisk. The
non-resonant (1064 nm) Raman spectrum was acquired with a neat solid
sample.
donor orbital for the stronger, higher-energy transition.
Raman spectra of [Pt(pytri)(OOPh)] and [Pt(pytri)(SSPh)] are shown in Fig-
ures 5.15 and 5.16. These both show the eight typical pytri modes associated with
MLCT transitions when excitation wavelengths between 413 and 568 nm are used
to probe the lowest energy absorption bands. The TD-DFT calculations predicted
heavy involvement of the dithiolate and catecholate ligands in the transitions.
This is apparent from the enhancement of modes associated with these donor lig-
ands. [Pt(pytri)(OOPh)] shows enhancement of bands at 1146, 1256, 1325 and
1597 cm 1 which are associated with the catecholate ligands (Figure 5.17). The
strongest band in all of the spectra (except below 413 nm) is at 1482 cm 1. Both
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Figure 5.14: Calculated normal mode diagrams and experimental Raman
band frequencies of [Pt(pytri)(CCPh)2].
a catecholate mode (75) and a pytri mode (74) are expected at this frequency.
Mode 74 corresponds to mode 51 of [Pt(pytri)Cl2] and is expected to be enhanced
for an MLCT transition but it is much stronger for [Pt(pytri)(OOPh)] so it is
likely that both vibrations are enhanced.
[Pt(pytri)(SSPh)] also shows enhancement of modes associated with its donor
ligand with excitation between 413 and 568 nm. Many of the bands are dicult to
assign because they overlap with pytri and solvent bands. The bands at 1105 and
1552 cm 1 are however unique to this complex and can be assigned to breathing
modes of the dithiolate ring (Figure 5.18). The band at 1105 cm 1 is very strong
and seems to take the place of the [Pt(pytri)(OOPh)] 1482 cm 1 band. The
resonance Raman spectrum of another [Pt(NbN)(dithiolate)] complex also shows a
strong band at 1095 cm 1 which was shown to result from the dithiolate ligand.198
This conrms that the excited states of the two complexes are quite dierent.
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Figure 5.15: Raman spectra of [Pt(pytri)(OOPh)]. Resonance spectra were
acquired with 1 mM solutions in CH2Cl2. Solvent bands are indicated with
an asterisk. The non-resonant (1064 nm) Raman spectrum was acquired
with a neat solid sample.
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Figure 5.16: Raman spectra of [Pt(pytri)(SSPh)]. Resonance spectra were
acquired with 1 mM solutions in CH2Cl2. Solvent bands are indicated with
an asterisk. The non-resonant (1064 nm) Raman spectrum was acquired
with a neat solid sample.
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Figure 5.17: Calculated normal mode diagrams and experimental Raman
band frequencies of [Pt(pytri)(OOPh)].
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Figure 5.18: Calculated normal mode diagrams and experimental Raman
band frequencies of [Pt(pytri)(SSPh)].
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5.5 Emission Spectroscopy and Symmetry
As expected, only [Pt(pytri)(SSPh)] and [Pt(pytri)(CCPh)2] are emissive in CH2Cl2
at room temperature. The emission spectra for these two compounds are shown
in Figure 5.19. The emission quantum yield of [Pt(pytri)(SSPh)] is 3.8 10 5 and
its lifetime was too short to measure accurately with nanosecond transient emis-
sion. Its non-radiative decay rate constant is therefore much larger than in related
bpy-based complexes.186,193 This is also true of [Pt(pytri)(CCPh)2] which has a
lifetime of 16 ns and quantum yield of 0.0021. These are both about two orders
of magnitude smaller than [Pt(dbbpy)(CCPh)2].192 This is surprising since Re(I)
compounds with pytri ligands behave very similarly to those with bpy ligands as
discussed in Chapter 3.115
As stated above, the Pt(II) complexes with weak-eld ligands ([Pt(pytri)2]2+
and [Pt(pytri)Cl2]) are thought to undergo rapid non-radiative relaxation through
d-d states and were not expected to be emissive. The reason for the lack of
emission from Pt(II) catecholate complexes is however less clear since they would
seem to have similar ligand-eld splitting to the emissive dithiolate complexes.
This class of complex is not typically emissive even at low temperatures.199 If
the Stokes shifts of the catecholate and dithiolate complexes are assumed to be
equal the emission wavelength of [Pt(pytri)(OOPh)] would be expected at shorter
wavelength than [Pt(pytri)(SSPh)] and so an energy-gap law argument for the
lack of emission would be invalid. An explanation for the rapid non-radiative
relaxation in Pt(II) catecholate complexes has been given by Yang et al. 193 . The
argument hinges on the symmetry of the frontier orbitals and the relative energies
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Figure 5.19: Emission spectra of [Pt(pytri)(SSPh)] (ex=448 nm) and
[Pt(pytri)(CCPh)2] (ex=355 nm) in CH2Cl2 at 298 K.
Table 5.7: Character table for the C2v point group.
E C2(z) v(xz) v(yz)
A1 1 1 1 1 z x2, y2, z2
A2 1 1 -1 -1 Rz xy
B1 1 -1 1 -1 x, Ry xz
B2 1 -1 -1 1 y, Rx yz
of the singlet and triplet states. When N bN is a symmetric ligand such as bpy
or phen the complex belongs to the C2v point group. The HOMO and LUMO
as calculated with DFT calculations have the b1 irreducible representation while
the HOMO-1 is a2. TD-DFT calculations with B3LYP show that the S1 state is a
HOMO ! LUMO transition which makes it an A1 state since these orbitals have
the same irreducible representation (B1B1 =A1). The S2 state is B2 because it
is a HOMO-1 ! LUMO transition (A2B1 =B2). The symmetry of the T1 and
T2 states are the same as the corresponding singlet states. The rate constant
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Table 5.8: Character table for the CS point group.
E h
A' 1 1 x, y, Rz x2, y2, z2, xy
A 1 -1 z, Rx, Ry yz, xz
Figure 5.20: Frontier molecular orbitals of [Pt(bpy)(SSPh)],
[Pt(bpy)(CCPh)2] and [Pt(pytri)(SSPh)] calculated with
B3LYP/LANL2DZ/6-31G(d).
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Figure 5.21: A Jablonski diagram illustrating how the relative T1 and
T2 energy levels might control whether emission is observed from C2v
[Pt(N bN)(Y)] type complexes.
5.5. EMISSION SPECTROSCOPY AND SYMMETRY 125
for ISC between a singlet and triplet state is proportional to hSnjLijTni
2 where
Li are the orbital angular momentum operators. For SOC between S1 and T1
hS1jLijT1i = hA1jLijA1i = 0. This is because Li transform as a2, b1 and b2 but
not a1 in C2v symmetry. ISC between the S1 and T2 states is however allowed
hS1jLijT2i = hA1jLijB2i 6= 0 Yang et al. argue on the basis of TD-DFT calculations
that the S1 !T2 transition is possible when Y=SSPh because the T2 state is close
in energy to the S1 state. Since the S1 and T2 states have dierent symmetry from
each other this is allowed but for Y=OOPh the T2 state is signicantly higher in
energy and thus the complex cannot undergo ISC to form a long-lived triplet state.
By examining the molecular orbitals for [Pt(bpy)(CCPh)2] (Figure g:CsandC2v)
it is seen that ISC from S1 to T1 is allowed because these states are B2. Although
the LUMO is a1, the symmetry of the HOMO and HOMO-1 orbitals is swapped
with respect to the OOPh and SSPh complexes.
The Pt(II) pytri complexes in this chapter (except [Pt(pytri)2]2+) belong to
CS rather than C2v. The CS point group has orbital angular momentum operators
of both A' and A character and the transition to T1 from S1 should be allowed
regardless of the symmetry of the orbitals. The fact that [Pt(pytri)(OOPh)] is
not emissive and [Pt(pytri)(SSPh)] is, suggests that there may be another fac-
tor causing rapid non-radiative relaxation of the catecholate complexes aside from
symmetry. One possibility is that the microsymmetry of the HOMO and LUMO
orbitals is still suciently close to C2v symmetry that ISC is still eectively for-
bidden.
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5.6 TRIR spectroscopy
The CC stretching modes of phenylacetylide ligands are excellent infrared mark-
ers due to the fact that they appear in an isolated part of the IR spectrum with high
oscillator strengths.200202 The rst report on TRIR of [Pt(II)(NbN)(CCAr)2]
complexes was in 2001 by Whittle et al. 196 Two complexes, whereNbN is 4,4',5,5'-
tetramethyl-2,2'-bipyridine and 4,4'-bis(tert -butyl)-2,2'-bipyridine and CCAr  is
(4-methylphenyl)ethynyl, were shown to form MLCT states which have shifts in
CC to higher frequencies. This was explained by changes in backbonding analo-
gous to Re(I) tricarbonyl complexes. It was however noted that free phenylacety-
lene has nearly the same CC as the complexes so backbonding must be quite
weak in the ground state. Backbonding is thought to decrease in the excited state
as an electron is transferred from the metal to a remote  orbital of the N bN
ligand.196 A later report by the same group203 showed excited state shifts in CC
to lower frequencies. This was the rst study to use such a wide spectral window
(17902180 cm 1). Because the HOMO is localized on the phenylacetylide ligands
the excited state should have a lower CC bond order and therefore lower CC .
The authors used bis(mesitylimino)acenaphthene (MesBIAN) as the NbN ligand
used in this study was which is much more electron accepting than bpy. The
dierences in the electron accepting properties of the N bN ligands was used to
explain the changes in CC and the dierences from the earlier study. However,
a subsequent study which also used bpy ligands showed shifts in CC similar to
those observed in the MesBIAN study, contradicting the rst bpy study.204 The
TRIR spectra show an extremely broad band which covers the entire spectral re-
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Figure 5.22: TRIR spectra of [Pt(pytri)(CCPh)2] in CH2Cl2 after excitation
at 355 nm (left) and a kinetic trace for return of the ground state band at
2118 cm 1 (right).
gion used (13002450 cm 1). This is attributed to an electronic transition which
is thought to be present in the excited states of many Pt(II) complexes.
TRIR on both picosecond and nanosecond timescales was used to study
[Pt(pytri)(CCPh)2] within the range of 1950 to 2250 cm 1. In this spectral range
only ground state bleaching can be observed (Figure 5.22). If modest shifts to
higher frequency as in the rst study were associated with the excited state then
they would most likely be observed within the spectral window used here. How-
ever, large shifts to lower frequencies would likely fall outside of the spectral win-
dow used. Fitting the return of the ground state band at 2118 cm 1 gives an
excited state lifetime of 132 ns (Figure 5.22) which is in agreement with results
from transient emission spectroscopy.
The lack of excited state bands in this range is consistent with most TRIR
studies on this class of complex where excited states are usually characterized as
MLLCT. DFT calculations predict excited state bands at 1901 and 2148 cm 1.
These are shifted by -315 and -82 cm 1 respectively from the predicted ground
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state frequencies of 2216 and 2230 cm 1.
5.7 Conclusion
A series of ve Pt(II) pytri complexes was studied to illustrate how systemati-
cally varying the donor strength of ligands aects the relative energy of MC and
MLCT states. Resonance Raman spectroscopy was used to examine the inuence
of the donor ligands on the structure of the FC states of the molecules. The
catecholate complex is unusual in that it has a higher energy absorption band
than the dithiolate complex because the opposite trend is normally observed.193
TD-DFT calculations were unable to reproduce this. The catecholate and dithi-
olate complexes allowed for the inuence of symmetry on excited state dynamics
to be examined. The catecholate complex was found to be non-emissive in uid
solution which suggests that symmetry may not be the reason for rapid non-
radiative relaxation. TRIR was used to study the excited state dynamics of the
bis(phenylacetylide) complex. Unfortunately, only bleaching of the ground state
could be observed. Further spectroscopic and theoretical studies on Pt(II) com-
plexes, especially those with acetylide and catecholate ligands, are needed to better




This chapter discusses metal complexes in which multiple electronic transitions
with dierent character are present in the visible or near-UV region. These types
of complexes have been tested as sensitizers in DSSCs. A dye for DSSCs should ide-
ally be panchromatic, absorbing photons with a wavelength of 920 nm or shorter. It
should also be strongly bound to the semiconductor surface and be stable enough
to withstand redox turnovers for about 2 decades.205 For many years the best
DSSC dyes relied solely on MLCT transitions for their main visible absorption
bands. One of these is N719 (and the deprotonated form N3), which was long
considered the "champion" dye because DSSCs with eciencies of about 10% can
be fabricated with this sensitizer.6,7,206 This complex builds upon [Ru(bpy)3]2+
by utilizing dcb (dcb = 4,4'-dicarboxy-2,2'-bipyridine) in place of two of the bpy
ligands. The third bpy is replaced by a pair of thiocyanate ligands. Thiocyanate
129
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acts to increase the d energy level because of its strongly donating character. The
carboxylate groups of the dcb ligands allow the complex to bind to the surface of
the semiconductor particles9,10 as well as lowering the energy level compared
to bpy. The increased d energy and decreased  energy results in red-shifted
MLCT absorption by N719 compared to [Ru(bpy)3]2+.10
Figure 6.1: An all-organic DSSC dye which gives eciencies up to 9.1%.207
While development of better ruthenium dyes is still an active area of research,
DSSCs utilizing organic dyes have also been developed which have eciency on
par with many metal complex based DSSCs. An example of a dye with a relatively
simple structure which has been used to produce cells with 9.1% eciency is shown
in Figure 6.1.207 The structures of the dyes typically consist of an electron donor
linked to an electron acceptor/anchor group. The donor group is often a coumarin,
triarylamine or carbazole moiety. The anchor is typically cyanoacrylic acid which
binds strongly to the TiO2 surface. The donor is connected through a conjugated
linker such as an oligothiophene. The extinction coecients of these dyes often
approach an order of magnitude increase over classic Ru(II) dyes.208
There have been many attempts to merge organic chromophores with ruthe-
nium dyes in order to achieve higher DSSC eciencies.10,209 Aside from increas-
ing the molar extinction coecient of complexes, organic donor groups are also
thought to increase DSSC eciency by helping to separate the electron-hole pair
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created upon photoexcitation and electron injection. In order to decrease the
rate of back electron transfer to the oxidized dye a secondary electron donor can
be covalently attached to the ruthenium complex. These are often called "super
sensitizers" or antenna dyes. A simplied model of the mechanism is shown in
equations 6.1 through 6.3. Here the sensitizer (S) is covalently attached to the
organic donor (D) and bound to TiO2. The sensitizer is photoexcited and then
becomes oxidized by the TiO2 in equation 6.1. The dye is subsequently reduced
by D as shown in equation 6.2. The recombination reaction (6.3) is slowed by
presence of D because of the increased distance between D+ and the nanoparticle




jTiO2 ! D S
+j(e )TiO2 (6.1)
D S+j(e )TiO2 ! D
+ Sj(e )TiO2 (6.2)
D S+j(e )TiO2 ! D S|TiO2 (6.3)
A pair of studies in the mid-2000s showed that triphenyl amine (TPA) donor
groups could be attached to ligands of ruthenium dyes in order to increase hole
separation, decrease the recombination rate and improve DSSC performance.212,213
Three heteroleptic complexes containing dierent numbers of amine groups were
synthesized (Figure 6.2). The rst, [Ru(dcb)2(TPAbpy)]2+ contains two dcb lig-
ands for anchoring the molecule to TiO2 and a bpy ligand substituted with a TPA
group on each pyridine ring through a conjugated ethenyl linker called TPAbpy.
The second complex, [Ru(dcb)2(TPDbpy)]2+ uses tetraphenyl benzidine (TPD) in
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Figure 6.2: Structures of the compounds studied in References 212 and
213 as well as the prototypical dye N719.
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place of TPA giving four amine donor groups. The third, [Ru(dcb)2(polyTPAbpy)]2+
used a bpy ligand attached to a TPA-based polymer giving roughly 100 amine
donors per ruthenium core. TiO2 lms sensitized with these dyes were studied
with nanosecond TA. Electron injection and oxidation of the amine component
of the dyes occurred within the time resolution of the system but the kinetics
of the back-reaction could be observed. The half-time of the recombination pro-
cess increased from 350 microseconds for [Ru(dcb)2(TPAbpy)]2+ to 4 seconds for
[Ru(dcb)2(polyTPAbpy)]2+ (4 orders of magnitude). This was attributed to an
increase in the distance between the hole created on the amines and the TiO2 sur-
face. The data t an electron tunneling model where the rate constant for electron
transfer has an exponential dependence on spatial separation.212
Modied Ru(II) complexes using the same TPAbpy and TPDbpy ligands in
solid-state DSSC devices were later compared to the benchmark complex N719.213
Replacement of one dcb ligand with a pair of NCS ligands gives analogues of N719
leaving two carboxylate groups remaining for binding the complex to TiO2. The
electronic absorption spectra of the complexes have a band at approximately the
same wavelength as N719 which is assumed to be MLCT in nature. The slight
increase in intensity and red-shift is attributed to the increased conjugation length
of the ligands TPAbpy and TPDbpy ligands compared to the dcb ligand of N719.
Distinct strong absorption bands are also present at higher energy which do not
appear in the N719 spectrum. Performance of the devices increased by factors
of two and ve for [Ru(dcb)(TPAbpy)(NCS)2] and [Ru(dcb)(TPDbpy)(NCS)2]
respectively over N719 under these conditions.
The increase in extinction coecient in this class of complexes is often at-
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tributed to increased conjugation length compared to dcb. A multitude of N719
analogues with conjugated substituents have shown this to be the case. However
it should be noted that TPA is an electron donor and this may give rise to distinct
ILCT bands where the hole in the FC state is initially localized on the organic
donor unit rather than the metal. Re(I) and Cu(I) complexes of the TPAbpy
ligand have been studied spectroscopically and computationally.71 Although they
may not be useful in solar cells they serve as model systems for these Ru(II)
complexes because they possess close lying MLCT and ILCT states. The ILCT
dominates the MLCT in the visible absorption band for the Re(I) complex as
shown with resonance Raman spectroscopy. TA and DFT data show that the hole
in the THEXI state is localized on the TPA units rather than the metal center, as
in the Ru complex. This shows that the energies of the ILCT and MLCT states
must both be considered. The location of the hole has important implications for
how these types of dyes behave in DSSCs.
The location of the excited electron must also be considered. In complexes such
as [Ru(dcb)(TPAbpy)(NCS)2] where two dierent -acceptor ligands are present
(dcb and TPA-bpy) the energies of the  orbitals of the twoNbN ligands becomes
important for controlling interfacial charge separation and charge recombination.
A comparison of two terpy-based ruthenium dyads (Figure 6.3) was performed by
Bonhôte et al. 214 Both complexes use phosphate groups to bind one of the tri-
dentate ligands (tpyPO32 ) to TiO2 nanoparticle surfaces. The other tridentate
ligand is a terpy ligand attached to a TAA donor. The donor-substituted ligand
is referred to as the proximal ligand and tpyPO32 is referred to as the distal
ligand. In complex B1 there is conjugation between the TAA and the terpy por-
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Figure 6.3: Structures of the compounds studied in Reference 214.
tion of the proximal ligand opening the possibility of an ILCT band. In complex
B2 a methoxy spacer prevents conjugation between the TAA and terpy  systems.
Complex B1 has a red-shifted absorption with an increased molar extinction coef-
cient compared to B2 due to conjugation between the TAA substituent and the
proximal terpy ligand. This would be expected to improve DSSC performance if
no other factors were dierent.
To further study the electron-transfer kinetics of the complexes they were
bound to TiO2 in propylene carbonate and compared using TA. For B1 only 60%
of the excited molecules were found to undergo intramolecular electron transfer to
form the oxidized TAA donor and an injected electron. For B2 the process was
quantitative and recovery of the ground state was slower. The lack of conjugation
in this case therefore improves electron injection and charge separation. This was
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Figure 6.4: The best-performing dye in Reference 215.
attributed to dierences in the localization of the lowest  orbital as determined
by resonance Raman spectroscopy. Resonance Raman spectra show that for B1
the lowest absorption band predominantly involves the proximal ligand whereas
in B2 it involves the distal ligand which is closer to the TiO2 surface. This study
showed that conjugation between the electron donor and chelating ligand can im-
prove light harvesting through an increased conjugation length but may have the
unintended consequence of also lowering the  energy of the proximal ligand
which can decrease electron injection eciency. More recently, several dyes which
build upon dyad B1 have been synthesized and tested in DSSCs. Various conju-
gated groups were tested as linkers for the TAA and tpy on the proximal ligand.
Thiophene was found to give complexes with the highest extinction coecients,216
which was attributed to the presence of ILCT bands. Systematic studies of the
eects of cyclometallation and TAA substituents on the energies of the d, 
and TAA  energy levels were performed.215,217 Cyclometallation could be used
to tune the relative  energy levels of the distal and proximal ligands, which also
aects the Ru d energy similarly to SCN ligands.217 Some of the dyes were
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tested in DSSCs. As expected, the best performing complex was cyclometallated
such that the distal ligand had a lower  energy than the proximal ligand to
allow for more ecient electron tranfter to TiO2. Substitution of the TAA unit
with methoxy groups was found to be important to ensure that it is more easily
oxidized than the metal to facilitate hole-transfer. Despite the careful design of
these complexes and their vastly improved visible absorption they unfortunately
still have lower performance in DSSCs compared to simpler dyes such as N719.
This chapter will examine four dierent complexes in which both ILCT and
MLCT transitions coexist at similar energies. Both d6 and d8 metals are examined
which allows the energetic tuning of both of these states. Although this type of
complex has been utilized in DSSCs, there are few studies of the fundamental
properties of their excited states.
6.2 TPA-substituted Pyridyl-Triazole Complexes
The complexes studied in this chapter utilize a 'regular' 2-pyridyl-1,2,3-triazole
(pytri) ligand like those introduced in Chapter 3. Since it is known that triazole
substituents have a weak inuence on the electronic properties of pytri complexes
we chose instead to substitute the pyridyl ring of the pytri ligand.106,115,128,129 A
TPA donor group was attached to the pyridine ring of the pytri ligand which is
expected to give rise to ILCT transitions. This ligand, TPApytri, was used in
conjunction with the d6 and d8 metals discussed in Chapters 3, 4 and 5 which
are expected to bring about MLCT transitions. Figure 6.5 gives the structure
of the TPApytri complexes. Model complexes with a pytri ligand lacking the
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Figure 6.5: Structures of the TPA-substituted pytri complexes studied
in this chapter [Re(TPApytri)(CO)3Br], [Ru(bpy)2(TPApytri)](PF6)2,
[Pt(TPApytri)Cl2] and [Pt(TPApytri)(CCPh)2].
Figure 6.6: Structures of the pytri complexes studied in this chapter.
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Table 6.1: Electronic absorption maxima of the complexes discussed in this




[Re(CO)3(TPApytri)Br] 350 (11.5) 399 (18.3)
[Re(CO)3(pytri)Br] 349 (2.91)
[Pt(TPApytri)Cl2] 354 (13.1) 421 (19.8)
[Pt(pytri)Cl2] 335 (2.98)






TPA substituent were also studied for comparison (Figure 6.6). Three of these
were discussed in previous chapters. [Re(CO)3(pytri)Br] diers from a previously
studied Re(I) pytri complex only in the halide axial ligand which typically has a
small eect.89,102
All molecules studied in this chapter were synthesized in the laboratory of Dr.
James Crowley. Electrochemistry was performed by Dr. C. John McAdam. All
spectroscopic studies were performed in CH2Cl2. For computational studies the
B3LYP functional was used along with the LANL2DZ ECP and basis set for metals
and the 6-31G(d) for other atoms. The PCM model was employed to model the
solvent.
6.3 Electronic Absorption and TD-DFT
The electronic absorption spectra of the molecules studied in this chapter are pre-
sented in Figure 6.7 and summarized in Table 6.1. Pytri ligands are colorless
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solids; no visible absorptions are seen in solution. The longest wavelength band
appears at about 280 nm.128 The TPApytri ligand diers because it is yellow and
shows a strong absorption band at 350 nm which is assigned as charge transfer
from the TPA  system to the pytri  system. In the TPApytri complexes this
band is red-shifted due to lowering of the pytri  orbital energies due to interac-
tion with the metal. In the Re(I) and Pt(II) complexes this can be clearly seen.
In CH2Cl2 a band appears at 398, 399 and 421 nm for [Pt(TPApytri)(CCPh)2],
[Re(CO)3(TPApytri)Br] and [Pt(TPApytri)Cl2], respectively, with a shoulder
at shorter wavelength. These lowest energy bands are not present in the model
complexes [Pt(pytri)(CCPh)2], [Re(CO)3(pytri)Br] and [Pt(pytri)Cl2]. The dif-
ferences in wavelength between the two Pt(II) complexes can be explained by
the donating character of the phenylacetylide ligands of [Pt(TPApytri)(CCPh)2]
causing the metal center to be more electron-rich which increases the energy of
the ligand  orbital compared to the dichloride complex. The Re(I) and Pt(II)
pytri complexes lacking the TPA unit show MLCT or MLLCT bands which match
the wavelength of short wavelength shoulder (~350 nm) as discussed in previous
chapters. The same applies to the Ru(II) complex but the bpy-based MLCT bands
seen in [Ru(pytri)(bpy)2]2+ overlap with the TPA-based ILCT band giving rise to
a single intense broad band at 412 nm.
Figure 6.8 shows relevant frontier orbitals for [Re(CO)3(pytri)Br] and
[Re(CO)3(TPApytri)Br] calculated with B3LYP. The LUMO orbitals of the
two complexes are both  orbitals residing on the pytri ligands. For
[Re(CO)3(TPApytri)Br] there is some extension into the pendant phenyl ring of
the TPA unit. The HOMO of [Re(CO)3(TPApytri)Br] is a  orbital localized on
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Figure 6.7: Electronic absorption spectra of the molecules studied in this
chapter. The TPApytri ligand is shown as a black solid line. Solid colored
lines represent the TPApytri complex spectra and dashed lines show the
unsubstituted pytri complexes.
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Table 6.2: TD-DFT data with Mulliken analysis for [Re(CO)3(pytri)Br].
See Table D.1 for full results.
#  (nm) f MO conguration Re(CO)3Br Bn py tri
1 397 0.0022 HOMO!LUMO (98%) 98!9 0!0 1!67 1!23
2 384 0.0479 HOMO-1!LUMO (98%) 97!9 0!0 1!67 2!23
Table 6.3: TD-DFT data with Mulliken analysis for
[Re(CO)3(TPApytri)Br]. "Ph" represents the phenyl ring pendant
to the pyridyl ring. See Table D.2 for full results.
#  (nm) f MO conguration Re(CO)3Br Bn py tri Ph NPh2
1 463 0.4691 HOMO!LUMO (99%) 0!7 0!0 5!60 1!21 27!9 68!2
2 400 0.0030 HOMO-1!LUMO (98%) 98!7 0!0 1!60 1!21 0!9 0!2
3 387 0.0406 HOMO-2!LUMO (98%) 97!7 0!0 1!60 1!21 0!9 0!2
4 375 0.2318 HOMO!LUMO+1 (96%) 0!5 0!1 5!71 1!12 27!9 68!2
the TPA donor unit. The HOMO-1 is a d orbital which is identical to the HOMO
of [Re(CO)3(pytri)Br]. The HOMO-2 and HOMO-1 [Re(CO)3(TPApytri)Br]
and [Re(CO)3(pytri)Br] are likewise d orbitals. TD-DFT results are sum-
marized in Tables 6.2 and 6.3. The lowest energy transition predicted for
[Re(CO)3(TPApytri)Br] is an ILCT (HOMO!LUMO) transition which is as-
signed to the band at 399 nm. Below this two MLCT transitions are predicted
which are equivalent to the two lowest energy transitions for [Re(CO)3(pytri)Br].
The MLCT transitions are slightly red-shifted for [Re(CO)3(TPApytri)Br] com-
pared to [Re(CO)3(pytri)Br] due to lowering of the LUMO energy level due
to conjugation with the TPA unit. There is also a second ILCT transition
(HOMO!LUMO+1) predicted just above the MLCT transitions which is about
half as strong as the HOMO!LUMO transition. The shoulder at about 350 nm
is assigned to both the MLCT and higher energy ILCT transitions.
TD-DFT data for the platinum(II) complexes follow essentially the same pat-
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Figure 6.8: [Re(CO)3(pytri)Br] and [Re(CO)3(TPApytri)Br] molecular
orbitals.
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Table 6.4: TD-DFT data with Mulliken analysis for [Pt(TPApytri)Cl2].
"Ph" represents the phenyl ring pendant to the pyridyl ring. See Table D.3
for full results.
#  (nm) f MO conguration PtCl2 Bn py tri Ph NPh2
1 485 0.5039 HOMO!LUMO (99%) 0!5 0!0 5!62 1!22 28!9 66!2
2 406 0.0179 HOMO-1!LUMO+1 (13%),
HOMO!LUMO+1 (85%)
12!76 0!1 5!12 1!10 24!1 57!0
4 390 0.0106 HOMO-3!LUMO+1 (58%),
HOMO-1!LUMO (10%),
HOMO-1!LUMO+1 (24%)
92!69 0!1 2!17 2!11 1!1 2!0
5 382 0.2363 HOMO!LUMO+2 (95%) 0!3 0!1 5!74 1!12 28!8 66!2
tern as the rhenium(I) complexes. The TD-DFT results for the unsubstituted
pytri complexes were discussed in Chapter 5. A comparison of the frontier or-
bitals of [Pt(TPApytri)Cl2] and [Pt(pytri)Cl2] is given in Figure 6.9. As in the
rhenium(I) complexes, the d HOMO and HOMO-1 of the unsubstituted com-
plex are superseded by a TPA-based HOMO in [Pt(TPApytri)Cl2]. The LUMOs
are based on the pytri ligands with some conjugation onto the TPA unit which
slightly lowers the energy for [Pt(TPApytri)Cl2]. Table 6.4 shows TD-DFT re-
sults for [Pt(TPApytri)Cl2]. Ignoring weak transitions, which are mostly d-d
in nature, the results are very similar to the rhenium complexes discussed above.
The dominant MLCT band for [Pt(pytri)Cl2] is the seventh-lowest energy tran-
sition while for [Pt(TPApytri)Cl2] it is the tenth-lowest. Two ILCT transitions
are predicted to be below this MLCT transition for [Pt(TPApytri)Cl2]. As in
[Re(CO)3(TPApytri)Br], the lowest energy band at 421 nm is assigned to the
strong HOMO!LUMO ILCT transition while its shoulder at 355 nm is assigned
to a combination of the weaker ILCT transition (HOMO!LUMO+1) and MLCT
transitions.
The frontier molecular orbitals for [Pt(TPApytri)(CCPh)2] and
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Figure 6.9: [Pt(pytri)Cl2] and [Pt(TPApytri)Cl2] molecular orbitals..
[Pt(pytri)(CCPh)2] are shown in Figure 6.10. As expected, the HOMO-1
and HOMO-2 of [Pt(TPApytri)(CCPh)2] are mixed platinum d-acetylide or-
bitals which match the HOMO and HOMO-1 of [Pt(pytri)(CCPh)2]. The HOMO
of [Pt(TPApytri)(CCPh)2] is a TPA-based  orbital. Unlike the previous two
sets of complexes there is strong mixing of the orbital congurations involved
in the two lowest energy transitions for [Pt(TPApytri)(CCPh)2] according
to TD-DFT calculations (Table 6.5). These are mixtures of HOMO!LUMO
and HOMO-1!LUMO transitions. The stronger but somewhat higher energy
transition is predominantly ILCT (HOMO!LUMO) while the weak lower energy
transition is mostly MLLCT (HOMO-1!LUMO). These are assigned to the
lowest energy band at 398 nm. Above these is the HOMO-2!LUMO strong
MLLCT transition which is assigned to the shoulder at 363 nm. As in the other
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Table 6.5: TD-DFT data with Mulliken analysis for
[Pt(TPApytri)(CCPh)2]. "CCPh A" represents the phenylacetylide
ligand trans to the pyridyl ring while "CCPh B" represents the ligand
trans to the triazole ring. "Ph" represents the phenyl ring pendant to the
pyridyl ring. See Table D.4 for full results.
#  (nm) f MO conguration Pt Bn py tri Ph NPh2 CCPh A CCPh B
1 472 0.0035 HOMO-1!LUMO (65%),
HOMO!LUMO (29%)
12!4 0!0 2!59 1!21 8!10 20!2 36!2 22!2
2 462 0.5570 HOMO-1!LUMO (32%),
HOMO!LUMO (64%)
6!4 0!0 4!59 1!21 17!10 43!2 18!2 11!2
3 430 0.1645 HOMO-2!LUMO (91%) 19!4 0!0 2!59 2!21 2!10 4!2 25!2 45!2
5 372 0.2863 HOMO-1!LUMO+1 (14%),
HOMO!LUMO+1 (82%)
3!2 0!1 4!64 1!16 23!10 56!2 8!2 6!1
8 347 0.0393 HOMO-2!LUMO+1 (84%),
HOMO-1!LUMO+2 (11%)
20!3 0!2 2!60 2!21 0!9 0!2 31!2 45!2
complexes, a second ILCT transition is predicted (HOMO!LUMO+1). This
is mixed with another MLLCT conguration (HOMO!LUMO+1) and may
contribute to the shoulder as well.
Table 6.6: TD-DFT data with Mulliken analysis for [Ru(pytri)(bpy)2]2+.
The bpy ligand trans to the pyridyl ring is designated "bpy A" while "bpy
B" represents the ligand trans to the triazole ring. See Table D.5 for full
results.
#  (nm) f MO conguration Ru Bn tri pyr bpy A bpy B
5 405 0.1322 HOMO-2!LUMO (62%),
HOMO-1!LUMO+1 (26%)
77!3 0!0 3!1 3!4 8!33 8!59
6 394 0.012 HOMO!LUMO+2 (90%) 83!4 0!0 3!22 3!67 6!3 6!3
7 388 0.0789 HOMO-2!LUMO+1 (68%),
HOMO-1!LUMO (12%)
77!4 0!0 3!2 3!6 9!63 9!25
9 353 0.0548 HOMO-1!LUMO+2 (73%) 78!10 0!1 5!19 5!59 6!7 6!5
The TD-DFT results for [Ru(pytri)(bpy)2]2+ and [Ru(TPApytri)(bpy)2]2+
are complicated due to the presence of the bpy ligands. As seen in Figure 6.11
the HOMO through HOMO-2 of [Ru(pytri)(bpy)2]2+ are d orbitals which are
equivalent to the HOMO-1 through HOMO-3 of [Ru(TPApytri)(bpy)2]2+ where
the HOMO is a TPA  orbital. The LUMO and LUMO+1 of both complexes
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Figure 6.10: [Pt(pytri)(CCPh)2] and [Pt(TPApytri)(CCPh)2] molecular
orbitals..
Table 6.7: TD-DFT data with Mulliken analysis for
[Ru(TPApytri)(bpy)2]2+. The bpy ligand trans to the pyridyl ring
is designated "bpy A" while "bpy B" represents the ligand trans to the
triazole ring. "Ph" represents the phenyl ring pendant to the pyridyl ring.
See Table D.6 for full results.
#  (nm) f MO conguration Ru Bn py tri Ph NPh2 bpy A bpy B
3 472 0.5012 HOMO!LUMO+2 (98%) 0!3 0!0 5!62 1!21 27!10 67!2 0!1 0!1
8 407 0.1366 HOMO-3!LUMO (66%),
HOMO-2!LUMO+1 (27%)
76!3 0!0 3!2 3!1 0!0 1!0 8!36 9!58
9 405 0.0820 HOMO!LUMO+3 (91%) 0!2 0!0 5!17 1!3 27!1 67!0 0!31 0!45
10 394 0.0117 HOMO-1 !LUMO+2 (89%) 82!3 0!0 3!62 3!21 0!10 0!2 6!1 5!1
11 390 0.0763 HOMO-3!LUMO+1 (63%),
HOMO-2!LUMO (12%)
76!4 0!0 3!4 3!2 0!1 1!0 8!61 9!28
12 378 0.1000 HOMO!LUMO+5 (85%) 0!2 0!0 5!48 1!5 27!4 67!1 0!22 0!18
16 356 0.0499 HOMO-2!LUMO+2 (74%) 77!4 1!0 4!56 5!19 0!9 0!3 7!5 6!4
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Figure 6.11: [Ru(pytri)(bpy)2]2+ and [Ru(TPApytri)(bpy)2]2+ molecular
orbitals.
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are bpy  orbitals while the LUMO+2 orbitals are pytri  orbitals. Table 6.6
shows the TD-DFT results for the unsubstituted Ru(II) complex. Of the lowest
ten, three transitions with oscillator strength greater than 0.025 are predicted.
Two are MLCT transitions involving bpy  orbitals (5 and 7) while the third
(9) is an MLCT with the pytri ligand as the acceptor. These are slightly red-
shifted for [Ru(TPApytri)(bpy)2]2+ and become transitions 8, 11 and 16 respec-
tively (Table 6.7). The third transition is the strongest low-energy transition
predicted for [Ru(TPApytri)(bpy)2]2+. It is a TPApytri based ILCT transition
(HOMO!LUMO+2).
6.4 Electrochemistry
Results of electrochemical measurements on the TPApytri ligand and its com-
plexes are presented in Table 6.8 along with unsubstituted pytri complexes. Mea-
surements used CV and DPV in DMF solutions with Bu4NPF6 as a support-
ing electrolyte. The TPApytri ligand undergoes a quasi-reversible reduction at
ca. 2.1 V. This is 300 mV anodic of the irreversible pytri115 reduction. The
increased reversibility and occurrence at a lower potential is consistent with in-
creased electron delocalization caused by the TPA unit. The TPA group gives
rise to a quasi-reversible oxidation process observed at 1.02 V.218221 This is re-
tained in the TPApytri complexes with a slight anodic shift to about +1.1 V.
The appearance of the amine oxidation feature before that of the metals (at more
cathodic potential) is consistent with the DFT results which show a TPA-based
HOMO.
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The electrochemical behavior of [Re(CO)3(TPApytri)Br] closely resembles
that of other rhenium(I) tricarbonyl complexes.121,129,220,222224 An irreversible
one-electron oxidation associated with the Re(II)/Re(I) couple is observed at
+1.5 V while a similarly irreversible, ligand based reduction wave is observed
at 1.6 V. For [Ru(TPApytri)(bpy)2]2+ three reversible reductions are consec-
utively assigned to the two bpy and third TPApytri ligand by comparison with
[Ru(pytri)(bpy)2]2+ 115 and similar systems.151,225,226 The chemically reversible
Ru(III)/(II) oxidation is observed around 1.3 V, consistent with previously re-
ported Ru(II)-dyes. Pt(II) oxidation is typically a complex process which is of-
ten irreversible and very dependent on the medium in which measurements are
made.227229 The Pt(II) complexes reported here display an irreversible oxidation
wave at about 1.4 V for those with chloride ligands and 1.0 V for those with the
more donating phenylacetylide ligands.
6.5 Resonance Raman Spectroscopy
Resonance Raman spectroscopy was used to probe the Franck-Condon states
of the TPApytri and pytri complexes. Figure 6.12 shows the electronic ab-
sorption spectra of the TPApytri complexes along with the laser wavelengths
used for the resonance Raman experiments. For the [Re(CO)3(TPApytri)Br],
[Pt(TPApytri)Cl2] and [Pt(TPApytri)(CCPh)2] it is expected that both ILCT
an MLCT transitions can be observed with resonance Raman. At the shorter
wavelengths MLCT bands should be probed while at the longer wavelengths ILCT
bands should be probed. The model complexes lacking the TPA substituent should
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Table 6.8: Electrochemical data for TPApytri ligand, its Re(I), Ru(II) and
Pt(II) complexes and related systems.
E°(V)a
Reductions Oxidations
pytri bpy TPA metal
TPApytri 2.14  1.02 
[Re(CO)3(TPApytri)Br] 1.58  1.07b 1.56
[Re(CO)3(pytri)Br] 1.64   1.46
[Pt(TPApytri)Cl2] 1.44  1.08b 1.43
[Pt(pytri)Cl2] 1.52   1.44
[Pt(TPApytri)(CCPh)2] 1.52  1.04 1.16
[Pt(pytri)(CCPh)2] 1.64   1.03
[Ru(TPApytri)(bpy)2]
2+ 1.86 1.49 , 1.26 1.09 1.33c
[Ru(pytri)(bpy)2]
2+ 2.05 1.49 , 1.27  1.31
a Results from cyclic voltammetry (scan rate 100 mVs 1), 0.1 M Bu4NPF6 in DMF,
referenced to Fc*.
bE° from DPV.
provide a reference for what bands are associated with an MLCT transition. For
[Ru(TPApytri)(bpy)2]2+ the situation is a bit more complex as two dierent
types of MLCT bands are expected (bpy and pytri based) as well as an ILCT
transition. Unfortunately the free TPApytri ligand was too emissive to give a
reference for the Raman bands associated with its ILCT transition.
Figure 6.13 shows that Raman spectra collected with excitation wavelengths
within the MLCT absorption band (ex=351 through 413 nm) have enhancement
of ten bands. These are very similar to those of other regular pytri complexes
discussed in Chapter 5 and Reference 129. Additionally a band at 2030 cm 1 is
observed which is the a'2 symmetric carbonyl stretching mode. This is a clear
marker for MLCT transitions in Re(I) complexes.68,84,230,231 This band is not seen
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Figure 6.12: Electronic absorption spectra of the M(TPA-pytri) complexes
in CH2Cl2 with the resonance Raman excitation wavelengths used.
with 407 and 413 nm excitation due to background emission.
Resonance Raman spectra of [Re(CO)3(TPApytri)Br] are shown in Figure
6.14. The same range of excitation wavelengths were used but in this case a strong
ILCT transition is expected at 407 and 413 nm (longer wavelengths gave unus-
able spectra due to strong background emission) in addition to an MLCT band
between 351 and 375 nm. The symmetric carbonyl stretching band is enhanced
within the MLCT region as in [Re(CO)3(pytri)Br]. There are also changes in the
relative intensities of other modes which shows that at least two dierent elec-
tronic transitions are being probed at the dierent excitation wavelength. Bands
which increase in intensity at shorter wavelengths are 1587, 1618 and 2030 cm 1.
The bands at 1302, 1593 and 1610 cm 1 are enhanced most strongly at longer
wavelengths and are associated with the ILCT transition while several bands have
relatively constant intensities (1398, 1475, 1558 and 1570 cm 1). Diagrams for the
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Figure 6.13: Raman spectra of [Re(CO)3(pytri)Br].Resonant spectra were
recording using 1 mM solutions in CH2Cl2. Solvent bands are indicated
with an asterisk. The non-resonant (785 nm) Raman spectrum was ac-
quired with a neat solid sample.
modes to which some of these are assigned are shown in Figure 6.15.
Raman spectra of [Pt(TPApytri)Cl2] are given in Figure 6.16. The enhance-
ment pattern is very similar to [Re(CO)3(TPApytri)Br] which has a similar elec-
tronic absorption spectrum. The bands in the 1550 to 1650 cm 1 region are better
resolved and easier to assign. The modes to which these bands are assigned are
shown in Figure 6.17. [Re(CO)3(TPApytri)Br] has modes equivalent to each of
these. The modes enhanced at shorter wavelengths are expected to be associated
with the pyridyl and triazole rings as MLCT transitions are being probed. Mode
167 of [Re(CO)3(TPApytri)Br] is associated with the pytri portion of the TPA
pytri ligand as well as the phenyl ring pendant to the pyridyl ring. Mode 174
is however localized partially on the NPh2 moiety which is surprising given that
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Figure 6.14: Raman spectra of [Re(CO)3(TPApytri)Br]. Resonant spec-
tra were recording using 1 mM solutions in CH2Cl2. Solvent bands are
indicated with an asterisk. The non-resonant (1064 nm) Raman spectrum
was acquired with a neat solid sample. Intensities in the region from 1900
to 2150 cm 1 increased by a factor of 10 for DFT and 1064 nm spectra and
a factor of 5 for resonance spectra.
Figure 6.15: Calculated normal mode diagrams and experimental Raman
band frequencies of [Re(CO)3(TPApytri)Br].
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Figure 6.16: Raman spectra of [Pt(TPApytri)Cl2]. Resonant spectra were
recording using 1 mM solutions in CH2Cl2. Solvent bands are indicated
with an asterisk. The non-resonant (1064 nm) Raman spectrum was ac-
quired with a neat solid sample.
Figure 6.17: Calculated normal mode diagrams and experimental Raman
band frequencies of [Pt(TPApytri)Cl2].
156 CHAPTER 6. DUAL CHARGE-TRANSFER STATES
Figure 6.18: Raman spectra of [Pt(TPApytri)(CCPh)2]. Resonant spec-
tra were recording using 1 mM solutions in CH2Cl2. Solvent bands are
indicated with an asterisk. The non-resonant (1064 nm) Raman spectrum
was acquired with a neat solid sample.
this band is enhanced at short wavelengths. This could be due to resonance with
another ILCT transition. The modes which are enhanced at longer wavelengths
seem to be associated with the entire TPApytri ligand especially the TPA donor
group as is expected for an ILCT transition.
Resonance Raman spectra of [Pt(TPApytri)(CCPh)2] show a qualita-
tively very similar enhancement pattern to [Re(CO)3(TPApytri)Br] and
[Pt(TPApytri)Cl2] as shown in Figure 6.18. One surprising feature of the spectra
is that there is no enhancement of CC stretching bands at any resonant wave-
length. As discussed in Chapter 5, resonance Raman spectra of [Pt(pytri)(CCPh)2]
shows enhancement of both CC bands from 351 to 413 nm excitation wavelengths
which indicates the presence of an MLLCT Franck-Condon state. An MLLCT
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Figure 6.19: Raman spectra of [Ru(pytri)(bpy)2]2+. Resonant spectra were
recording using 1 mM solutions in CH2Cl2. Solvent bands are indicated
with an asterisk. The non-resonant (1064 nm) Raman spectrum was ac-
quired with a neat solid sample.
transition is expected for the TPA substituted complex as well around 360 nm.
It appears that at least two dierent transitions are being probed but neither
shows the expected pattern for an MLLCT transition. A pattern very similar
to [Re(CO)3(TPApytri)Br] was expected, with the CO stretching bands which
appear at 351 and 356 nm replaced by CC stretches.
The resonance Raman spectra of [Ru(pytri)(bpy)2]2+ are reported in Figure
6.19. In Chapter 4 it was shown that the complex has a nearly identical resonance
Raman spectrum to [Ru(bpy)3]2+ at ex = 458 nm. Modes associated with bpy
(1026, 1039, 1171, 1275, 1317, 1489, 1562 and 1605 cm 1) are strongly enhanced
as expected for an MLCT transition involving a * orbital of bpy. The spectra
from 407 to 448 nm are nearly identical to the spectrum with 458 nm excitation
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Figure 6.20: Raman spectra of [Ru(TPApytri)(bpy)2]2+. Resonant spec-
tra were recording using 1 mM solutions in CH2Cl2. Solvent bands are
indicated with an asterisk. The non-resonant (1064 nm) Raman spectrum
was acquired with a neat solid sample.
although there are a few additional bands enhanced (1263, 1580 cm 1) in the 413
and 407 nm resonant spectra. These two modes are associated with the pytri ligand
and become stronger with 351 and 356 nm excitation along with the appearance
of other pytri modes (1623, 1064 and 995 cm 1) while bpy modes become weaker.
The Raman spectra of [Ru(TPApytri)(bpy)2]2+ (Figure 6.20) are more dicult
to interpret due to the presence of several overlapping electronic transitions. The
bpy bands are not expected to be perturbed signicantly by introduction of the
TPA unit. All of the bpy modes from [Ru(pytri)(bpy)2]2+ can been seen in the
[Ru(TPApytri)(bpy)2]2+ spectra except the 1605 cm 1 band which is obscured
by a very strong TPApytri band at 1610 cm 1. As in [Ru(pytri)(bpy)2]2+ these
modes are dominant with 448 and 458 nm excitation wavelengths which shows
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that the bpy-based MLCT transition is unperturbed by the TPA group. Several
TPApytri modes (1002, 1143, 1199, 1300, 1393, 1554, 1584, 1593 cm 1) can
however be observed at these wavelengths as well. The TPApytri bands are the
strongest bands for ex= 407 and 413 nm. Contrary to the TD-DFT calculations
for this complex, the resonance Raman enhancement pattern indicates that the
ILCT transition is at higher energy than the bpy MLCT transition. Bands at 1476,
1584 and 1615 cm 1 are seen exclusively for ex < 407 nm and are associated with
the pytri based MLCT transition around 350 nm as in [Ru(pytri)(bpy)2]2+.
The resonance Raman spectra show that the lowest energy elec-
tronic transitions of [Re(CO)3(TPApytri)Br], [Pt(TPApytri)Cl2] and
[Pt(TPApytri)(CCPh)2] are ILCT in nature. [Ru(TPApytri)(bpy)2]2+
stands out because its lowest energy transition is MLCT (bpy) in nature. This
agrees with the electrochemical results. TD-DFT also successfully predicted this
except in the case of [Ru(TPApytri)(bpy)2]2+.
6.6 Photophysics
Resonance Raman spectroscopy was helpful in understanding the FC states
of these complexes. In order to understand the THEXI states time-resolved
and steady-state emission spectroscopy was used as well as transient absorption
spectroscopy. Standard conditions (298 K, Argon sparged CH2Cl2) were used.
Steady-state experiments used 355 nm excitation for the TPApytri ligand and
the model complexes [Re(CO)3(pytri)Br], [Pt(pytri)Cl2], [Pt(pytri)(CCPh)2] and
[Ru(pytri)(bpy)2]2+ while 448 nm excitation for the TPApytri complexes. The
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Table 6.9: Photophysical properties of the pytri and TPApytri complexes
measured at 298 K in CH2Cl2. r is the emission lifetime.
Compound Em (nm) r (ns) E
TPApytri 453 <10 0.64
[Re(CO)3(TPApytri)Br] 573 <10 0.037
[Re(CO)3(pytri)Br] 549 520 0.034
[Pt(TPApytri)Cl2] 583 <10 0.017
[Pt(pytri)Cl2]   
[Pt(TPApytri)(CCPh)2] 580 <10 0.022
[Pt(pytri)(CCPh)2] 496 16 0.0021
[Ru(TPApytri)(bpy)2]
2+ 602 <10 0.0011
[Ru(pytri)(bpy)2]
2+ 595 <10 0.0010
longer excitation wavelength was needed for the TPApytri complexes because
trace amounts of free TPApytri ligand are present. The TPApytri ligand was
found to have a blue emission (453 nm) with a high quantum yield of 64% which
is likely from a 1ILCT state. As shown in Table 6.9, emission from the complexes
is much weaker so small amounts of free ligand are able to swamp out emission
from the complexes if 355 nm excitation is used. 355 nm excitation was used for
the time-resolved methods.
Emission from the Re(I) model complex, [Re(CO)3(pytri)Br], is typical for this
class of compound. The broad structureless emission band and large Stokes shift
(10400 cm 1) are typical for 3MLCT emission from Re(I) compounds. The excited
state lifetime measured by TE was found to be 520 ns which is somewhat shorter
than the corresponding chlorotricarbonyl Re(I) complex discussed in Chapter 3.115
Resonance Raman spectroscopy showed that the lowest energy absorption band
for [Re(CO)3(TPApytri)Br] is ILCT in nature. Emission from this complex is
at a longer wavelength than the model complex while the quantum yields are
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within error of each other. The emission lifetime was too short to be measured
with nanosecond TE, however TA shows a long-lived state formed after 355 nm
pulsed excitation (Figure 6.21). Bleaching of the ground state absorption is ap-
parent in addition the appearance of a broad excited state band at around 720
nm. Several other TPA-substituted metal complexes show TA features at a sim-
ilar wavelength.71,220,232 This has been assigned to a TPA-radical cation species
using spectroelectrochemical measurements.233,234 Fitting the decay of the ab-
sorption band at a probe wavelength of 700 nm gives a lifetime of 10 s. Dark
states with very long lifetimes like this are common for 3;  states of organic
molecules.235 Re(I) complexes of dipyrido[3,2-a:2',3'-c]phenazine (dppz) also show
long-lived dark states which have been assigned as 3; . However, the emission
seems to occur from a short-lived state which is likely ILCT in nature. To verify
that the dark state was not a result of contamination by the free TPApytri ligand
TA measurements at 700 nm were performed. A dark state with a much shorter
lifetime of 55 ns is observed for free TPA-pytri.
Results of TA and TE experiments for [Pt(TPApytri)(CCPh)2] are very sim-
ilar to [Re(CO)3(TPApytri)Br]. A short-lived emissive state and long-lived dark
state are observed. The TA spectrum shows a band at about 720 nm which has
a lifetime of 2.7s. Unlike the Re(I) complexes, [Pt(TPApytri)(CCPh)2] has an
emission quantum yield which is about 10 times higher than that of the unsub-
stituted complex. The Stokes shift of [Pt(pytri)(CCPh)2] is much larger (9700
cm 1) compared to [Pt(TPApytri)(CCPh)2] (6600 cm 1) which suggests that
the TPA-substituted complex emits from an ILCT state rather than an MLLCT
state.
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Figure 6.21: Transient absorption spectra of [Re(CO)3(TPApytri)Br]
(left) and [Pt(TPApytri)(CCPh)2] (right) 200 ns after excitation at 355
nm.
Excited states of [Re(CO)3(TPApytri)Br] and [Pt(TPApytri)(CCPh)2] were
probed on both the nanosecond and picosecond timescales using time-resolved in-
frared (TRIR) spectroscopy. The strong infrared CO and CC stretching bands
(CO) and (CC) inform on changes in electron density around the metal centers
after photoexcitation. Ultrafast TRIR made it possible to probe the early excited
state dynamics which could not be observed with nanosecond TA and TE.
Representative ground state FT-IR and excited state TRIR spectra
of [Re(CO)3(pytri)Br] and [Re(CO)3(TPApytri)Br] are shown Figure 6.22.
[Re(CO)3(pytri)Br] shows bleaching of the parent bands at 1902, 1928 and 2027
concomitant with the formation of broad bands at higher frequency. These bands
at 2038 and 1954 cm 1 rapidly decay ( =3  1 ps) to form sharp excited state
bands at 2053, 1982 and 1959 cm 1. This is very similar to the [Re(CO)3(pytri)Cl]
complexes discussed in Chapter 3. Finally, these bands decay, concurrent with
parent reformation, with lifetimes of 240  10 ns. As the excited-state bands
are shifted to higher frequencies they can be assigned to an MLCT state.86 The
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Figure 6.22: Ground state FT-IR spectra and excited state TRIR spectra
of [Re(pytri)(CO)3Br] (left) and [Re(CO)3(TPApytri)Br] (right) acquired
in CH2Cl2 after photoexcitation at 355 nm.
shift is a manifestation of decreased backbonding by the metal to the carbonyl
antibonding orbitals.
The TRIR spectra of [Re(CO)3(TPApytri)Br] show very dierent behavior.
Immediately after photoexcitation bleaching of the parent bands and appearance
of bands shifted to lower frequencies is observed. The a'2 symmetric stretching
band shifts from 2028 cm 1 to 2004 cm 1 (24 cm 1) with a shoulder at 2015
cm 1(13 cm 1). The 2004 cm 1 band is replaced by the 2015 cm 1 band after
about 300 ps. Excited state bands in the low-frequency part of the spectrum show
signicant overlap with parent bands which makes their analysis dicult. From
the nanosecond spectra the lifetime of the band at 2015 cm 1 can be tted to a
nal decay lifetime of 440 ns.
The shift of (CO) in the excited state for [Re(CO)3(TPApytri)Br] is to
lower frequency which indicates increased electron density on the metal center
(increased carbonyl backbonding). The magnitude of the shift is indicative of the
nature of the excited state, where relatively low (212 cm 1) shifts are indica-
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tive of ligand-centered ;  states.236,237 Larger shifts than this are observed for
electrochemically reduced species.84,238240 ILCT states of TPA-substituted Re(I)
dppz complexes show shifts of about 19 cm 1.223 Based on this, the initial shift
upon photoexcitation of 24 cm 1 is evidence for the formation of an intraligand
charge-transfer state from the TPA donor orbital to the pytri-based  orbital, as
predicted by TD-DFT. This band is replaced by one closer in frequency to the
ground state a'2 band. Decay of the 2004 cm 1 band ts a biexponential decay
curve with lifetimes of 8  4 and 130  20 ps. The origin of the 8 ps decay is not
clear but could represent vibrational cooling. The 130 ps decay is much longer
than the vibrational cooling of the hot MLCT states of the Re(I) pytri complexes
and other Re(I) complexes. Similarly long lifetimes have been observed in other
Re(I) ILCT states.130 Blanco-Rodríguez et al. 130 studied a Re(I) complex which
forms an ILCT state with CO shifts to lower wavenumber (20 cm 1) with a
lifetime of 100 ps which decays to form a state shifted to 13 cm 1. The authors
attributed these bands to singlet and triplet excited states, respectively, meaning
that the 100 ps delay represents an observation of intersystem crossing. ISC of
Re(I) MLCT states is typically too fast to be observed with TRIR.26,130,241,242 As
TRIR does not inform on the spin of excited states it is dicult to verify this.
Another possible explanation is that ISC is very fast (as is typical for Re(I) com-
plexes) and that there are simply two dierent triplet states which are observed.
The lower energy triplet state must have more ;  character and less CT which
results in smaller shifts in the CO bands. Further TRIR studies in solvents of dif-
ferent polarity may be informative.26,130,238If the two states excited have dierent
polarity the decay rate from the higher energy state may change or be prevented
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Figure 6.23: Ground state FT-IR spectra and excited state TRIR spectra
of [Pt(TPApytri)(CCPh)2] acquired in CH2Cl2 after photoexcitation at
355 nm.
entirely.
The results of TRIR analysis for [Pt(pytri)(CCPh)2] were reported in Chapter
5. Immediately upon photoexcitation of [Pt(pytri)(CCPh)2] the bleach of the
CC parent bands is apparent but no excited state bands can be observed within
the spectra region used. It is likely that an MLLCT state is formed where large
shifts to lower wavenumber occur.
As shown in Figure 6.23, [Pt(TPApytri)(CCPh)2] shows very dierent be-
havior. Upon photoexcitation a bleach of the parent bands is apparent, as well
as the appearance of a broad feature shifted to lower energy. The broad feature
decays with  = 25 ps while excited state bands at about 2120 and 2106 cm 1
grow in with a lifetime of 1 and 25 ps, respectively. The excited state and parent
bands return to the baseline with a lifetime of about 500 ns. These new bands
are shifted to slightly lower wavenumbers compared to the parent bleaches. This
subtle shift to frequency indicates a slight increase in the electron density in the
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(CC) anti-bonding orbitals, which is consistent with the presence of either a
;  or ILCT state. Analogous to (CO) shifts of the well-studied [Re(CO)3] mo-
tif, the magnitude of the shift of the (CC) bands is expected to be larger for
an ILCT state compared to a ;  state, allowing us to tentatively assign this
as a ; state, particularly as similar states have been reported for the related
complex [Pt(dpphen)(CN)2], where very small shifts in (CN) were found.243
In summary, the TRIR data show that [Re(CO)3(pytri)Br] a possesses a lowest-
energy excited state that is MLCT in nature. Upon introduction of the TPA
substituent this changes to a ;  state, with the additional presence of a short-
lived charge transfer state which is likely the emissive state. A similar switch
is observed for the platinum complexes. [Pt(pytri)(CCPh)2] shows an MLLCT
excited state which is consistent with previously reported platinum complexes.
The TPA-substituted compound displays a long-lived ;  state and a short-lived
emissive state which is likely ILCT in nature.
[Ru(TPApytri)(bpy)2]2+ was found to be weakly emissive (E = 0.0011) at
slightly longer wavelength than the model complex [Ru(pytri)(bpy)2]2+ (602 vs
595 nm). The emissive state is likely 3MLCT (bpy) in nature and emits at nearly
the same wavelength as [Ru(bpy)3]2+. Emission from either a 3MLCT or 3ILCT
state is possible for [Ru(TPApytri)(bpy)2]2+. A with [Ru(pytri)(bpy)2]2+, the
excited state lifetime was too short to measure with nanosecond TA or TE. As
discussed in Chapter 4, the short lifetime is likely due to the presence of non-
emissive 3MC states which undergo rapid non-radiative relaxation to the ground
state. Regardless of whether the emissive state is ILCT or MLCT in nature, it
seems to couple strongly to the deactivating 3MC state. As discussed in Chapter
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5, [Pt(pytri)Cl2] is behaves like a typical [Pt(N b N)Cl2] complex in that it is
not emissive due to the presence of metal centered states.189 [Pt(TPApytri)Cl2]
is unusual because emission is observed in CH2Cl2 solution at room tempera-
ture. This must be due to the existence of an ILCT state. The lifetime of the
complex is too short to measure with nanosecond spectroscopy which indicates
that the emissive state could be of singlet multiplicity. Only one other emissive
[Pt(NbN)Cl2] complex is known.188 The complex, [Pt(MesBIAN)Cl2] (MesBIAN
= bis(mesitylimino)acenaphthene), was designed to show emission in the near in-
frared region and thus the MLCT state is very low in energy due to the Mesbian
ligand's large  system. [Pt(TPApytri)Cl2] shows that rather than increasing
the ligand eld strength of a complex (with strong donor ligands) or increasing
 delocalization (as in [Pt(MesBIAN)Cl2]) to decrease deactivation through MC
states it is possible to instead introduce an organic electron donor which gives rise
to a low energy ILCT state.
6.7 Conclusion
Four transition metal complexes with a TPA-substituted pytri ligand were studied
and compared to complexes lacking the TPA substituent. The free TPApytri lig-
and has stronger UV absorption than unsubstituted pytri ligands due to an intense
charge-transfer transition. Charge-transfer transitions from both the metal centers
and TPA unit are observed in the complexes with resonance Raman spectroscopy.
Resonance Raman shows that the lowest energy singlet FC states of the
dichloroplatinum(II), bis(phenylacetylide)platinum(II) and bromotricarbonylrhe-
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nium(I) complexes are ILCT in nature. For [Pt(TPApytri)Cl2], the ILCT state
is responsible for emission which is normally hindered by 3MC states in this class
of compound with weak chloride ligands. Substitution of the chloride ligands
with phenylacetylide ligands to give [Pt(TPApytri)(CCPh)2] shifts the energy
of the ILCT state to slightly higher energy. No CC stretching modes are ob-
served with resonance Raman for this complex at wavelengths where an MLLCT
transition is expected based on the model complex lacking the TPA substituent
and TD-DFT calculations. TRIR spectroscopy shows that the THEXI state of
[Pt(TPApytri)(CCPh)2] is ILCT in nature. The Re(I) complex also forms an
ILCT state, as shown by TRIR. Its resonance Raman spectra show an ILCT state
at longer wavelengths and the presence of an MLCT transition at shorter wave-
lengths as evidenced by enhancement of a CO stretching band.
Signatures of three dierent types of electronic transitions are observed via
resonance Raman spectroscopy of [Ru(TPApytri)(bpy)2]2+. The lowest energy
bands appears to consist of superpositions of bpy-based MLCT bands around 440
nm, an ILCT transition around 400 nm and a pytri-based MLCT transition around
350 nm. [Ru(TPApytri)(bpy)2]2+ shows a short excited state lifetime and an
emission spectrum which is slightly red-shifted due to the TPA substituent. The




Re(I) complexes which form MLCT states are studied in Chapter 3. First, fac-
[Re(CO)3(NbN)L] complexes with the well known bpy and phen acceptor (NbN)
ligands are studied along with 5-aryl tetrazolate ligands as the axial ligand L. Sev-
eral dierent substituents are attached to the tetrazolate ligand which have almost
no eect on the photophysical properties. DFT calculations and resonance Raman
spectroscopy show that the Franck-Condon states of the molecules are MLLCT in
nature meaning that both the tetrazolate ligand and Re(I) center donate electron
density to the accepting NbN ligand. Protonation or methylation of the tetrazo-
late ligand causes it to become less electron donating. DFT and resonance Raman
show that the excited states of these tetrazole complexes are more akin to pure
MLCT transitions where the axial ligand merely tunes the d-orbital energies of
the Re(I) center. Due to the large d-d splitting in Re(I)(CO)3 complexes 3MC
states are of no concern. The complexes containing bpy ligands are shown to obey
the energy gap law, as expected.
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Next, Re(I) complexes containing 2-pyridyl-1,2,3-triazoles as the accepting lig-
and are studied with a chloride L ligand. Both regular and inverse varieties of
pytri ligands are compared to bpy. The regular complexes behave very similarly
to bpy complexes and t well to an energy gap law plot. The inverse complexes
have longer excited state lifetimes than predicted by the energy gap law for bpy
complexes. TRIR spectra show shifts in the CO stretching bands indicative of
MLCT state formation. The observed shifts are small for the pytri complexes (es-
pecially the inverse ones) compared to [Re(CO)3(bpy)Cl]. This seems to relate to
the degree of charge separation, with the pytri complexes having less separation
due to poorer conjugation between the pyridyl and triazole rings when compared
to the pyridyl rings of bpy.
Heteroleptic Ru(II) complexes containing bpy and pytri ligands were stud-
ied in Chapter 4. The lowest energy absorption bands are found to be due to
bpy-based MLCT transitions. These have weak emission and short excited state
lifetimes compared to [Ru(bpy)3]2+. Computational studies show that there is
likely a larger driving force for forming deactivating 3MC states in the pytri com-
plexes compared to [Ru(bpy)3]2+. 3MC states are characterized by elongation of
a pair of RuN bonds along one axis of the molecules. Elongation of the RuNpy
bond appears to be more favorable as a deactivation mechanism than elongation
of the RuNtri bond. The pytri ligand is quickly replaced by solvent molecules
in acetonitrile solution when irradiated. Such photosubstitution reactions are po-
tentially useful for photodynamic therapy. An intermediate in which either the
triazole or pyridyl rings of the pytri ligand is replaced by a solvent ligand is ob-
served with NMR. DFT calculations show that an intermediate with the pyridyl
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ring replaced by solvent is more stable. This agrees with calculations which show
that the most stable 3MC state has an elongated RuNpy bond which is more prone
to displacement. This study shows that understanding 3MC states is important for
designing metal complexes for photonic and biomedical applications. Better com-
putational and spectroscopic tools may still be necessary to understand the 3MC
states of Ru(II) complexes, despite the huge number of studies on [Ru(bpy)3]2+
and related compounds.
Chapter 5 discusses the photophysical properties of square-planar d8 plat-
inum(II) complexes containing 'regular' 2-pyridyl-1,2,3-triazole ligands along with
various donor ligands. Except in the case of the bis-pytri complex, the electronic
transition with the longest wavelength in all of the complexes is CT in nature.
The more donating ligands result in lower energy CT bands. Additionally, this
increases the energy of deactivating 3MC states and also aect the parentage of the
donor orbitals. Weakly donating ligands result in complexes which are not emis-
sive and have short excited state lifetimes. Stronger ligands allow for emission by
making population of 3MC states less likely.
The orbitals of the more strongly donating ligands also mix strongly with
the platinum d orbitals meaning that the CT transitions become more Ligand-
to-Ligand CT based. TRIR spectroscopy and DFT calculations show that the
triplet excited state of [Pt(pytri)(CCPh)2] has much weaker CC bonds than
in the ground state due to this eect. Shifts in the CC bands could not be
observed because they fall outside of the spectral window used. Complexes with
catecholate and dithiolate donors also show strong mixing between the platinum
and ligand frontier orbitals. Although their UV-vis spectra look very similar,
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they show key dierences in their resonance Raman spectra and photophysics.
Dierences in their Raman enhancement patterns suggest that they have quite
dierent Franck-Condon states. Additionally, the Pt(II) catecholate complexes
are not typically emissive for reasons that remain unclear. Time-resolved IR and
Raman spectroscopy would be useful in better characterizing the excited states.
Finally, complexes of the above metals are compared in complexes containing
a pytri ligand to which an organic electron donor is attached. This adds an extra
layer of complexity in the form of intraligand charge transfer states. The photo-
physics of all of the complexes is heavily inuenced by the TPA donor group. Emis-
sion occurs from what is likely an ILCT state in all of the TPA-substituted com-
plexes. The two complexes with high-lying 3MC states [Re(CO)3(TPApytri)Br]
and [Pt(TPApytri)(CCPh)2] both form long lived dark ILCT states which were
characterized using TRIR and TA. These show clear markers of oxidized TPA
groups and increased electron density on the metals. [Pt(TPApytri)Cl2] is a rare
example of an emissive dichloroplatinum(II) complex. This is made possible by
the TPA substituent which allows for a ILCT state which is lower in energy than
the MLCT state of its parent complex. For the Ru(II) complexes bpy and pytri
based MLCT states can be observed with resonance Raman with an ILCT state
lying between these. These studies illustrate that there are a multitude factors
which must be considered when designing molecules for photonic applications.
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Appendix A: Rhenium(I)
TD-DFT Calculations
Full TD-DFT data for the compounds in Section 3.2 with Mul-
liken analysis.
Table A.1: TD-DFT data for [Re(CO)3(phen)(L)] where L is a tetrazolate.
Group Electron Transition Density (%)









1 421 0.0527 HOMO!LUMO (94%) 54 !5 5 !94 42 ! 0
2 404 0.0144 H-1!LUMO (96%) 90 !5 6 !94 4 ! 0
3 386 0.0126 HOMO!L+1 (97%) 53 !1 5 !99 43 ! 0
4 382 0.0001 H-2!LUMO (96%) 91 !5 2 !94 7 ! 0
5 365 0.0179 H-1!L+1 (94%) 89 !1 7 !99 4 ! 0
6 345 0.0002 H-2!L+1 (97%) 91 !1 2 !99 7 ! 0
7 343 0.0584 H-3!LUMO (90%) 37 !5 10 !94 54 ! 0
8 333 0.0001 H-4!L+2 (94%) 0 !1 0 !0 100 ! 99
9 330 0.4102 HOMO!L+2 (96%) 53 !1 5 !0 43 ! 99
10 320 0.0113 H-3!L+1 (92%) 34 !1 12 !99 54 ! 0
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Table A.2: TD-DFT data for [Re(CO)3(phen)(L)] where L is a tetrazole.
Group Electron Transition Density (%)











1 387 0.0023 H-1!LUMO (87%),
HOMO!LUMO (12%)
90 !6 9 !93 1!0
2 379 0.0753 HOMO!LUMO (72%),
H-1!LUMO (11%),
H-2!LUMO (14%)
83 !6 13 !93 4!0
3 370 0.0296 H-2!LUMO (84%),
HOMO!LUMO (12%)
95 !6 4 !93 1!0
4 354 0.0000 H-4!L+1 (90%) 0 !1 0 !1 100!98
5 348 0.0093 HOMO!L+1 (89%) 80 !0 15 !5 5!94
6 346 0.0169 H-1!L+1 (72%),
H-1!L+2 (19%)
91 !0 8 !20 1!79
7 345 0.0301 H-1!L+1 (14%),
H-1!L+2 (16%),
HOMO!L+2 (61%)
83 !1 13 !81 4!18
8 343 0.0301 H-1!L+1 (10%),
H-1!L+2 (56%),
HOMO!L+2 (26%)
88 !1 10 !88 2!11
9 333 0.0010 H-2!L+1 (62%),
H-2!L+2 (35%)
97 !1 3 !35 0!64
10 331 0.0026 H-2!L+1 (35%),
H-2!L+2 (63%)
97 !1 3 !63 0!36
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Table A.3: TD-DFT data for [Re(CO)3(phen)(L)] where L is a 4-
Methyltetrazole bound through either N1 or N2 as shown in Figure 3.3.
Group Electron Transition Density (%)












1 390 0.0018 HOMO!LUMO (98%) 89 !7 6 !92 4 ! 2
2 371 0.0647 H-2!LUMO (18%),
H-1!LUMO (75%)
82 !6 17 !91 2 ! 3
3 362 0.0328 H-2!LUMO (77%),
H-1!LUMO (12%)
92 !6 7 !91 1 ! 4
4 347 0.0773 H-1!LUMO (10%),
HOMO!L+1 (71%),
HOMO!L+2 (13%)
87 !2 8 !73 4 ! 24
5 344 0.0000 H-4!L+1 (18%),
H-4!L+2 (73%)
0 !0 0 !34 100 ! 65
6 337 0.0128 HOMO!L+1 (15%),
HOMO!L+2 (83%)
89 !0 6 !29 4 ! 71
7 336 0.0214 H-1!L+1 (82%),
H-1!L+2 (8%)
76 !2 22 !75 2 ! 23
8 327 0.0033 H-1!L+2 (85%),
H-1!L+1 (8%)
79 !0 19 !27 2 ! 73
9 326 0.0059 H-2!L+1 (84%),
H-2!L+2 (9%)
94 !2 5 !74 0 ! 24
10 316 0.0009 H-2!L+2 (86%),
H-2!L+1 (8%)












1 388 0.0013 H-1!LUMO (98%) 92 !6 7 !93 1 ! 0
2 381 0.0816 H-2!LUMO (10%),
HOMO!LUMO (85%)
81 !6 14 !93 5 ! 0
3 371 0.0230 H-2!LUMO (88%),
HOMO!LUMO (9%)
96 !6 4 !93 1 ! 0
4 348 0.0001 H-4!L+1 (91%) 0 !0 0 !3 100 ! 96
5 346 0.0215 HOMO!L+2 (91%) 77 !2 18 !98 6 ! 0
6 346 0.0467 H-1!L+2 (89%) 89 !2 10 !98 1 ! 0
7 336 0.0116 HOMO!L+1 (97%) 79 !0 15 !1 6 ! 99
8 333 0.0075 H-1!L+1 (96%) 92 !0 7 !1 1 ! 99
9 333 0.0022 H-2!L+2 (96%) 97 !1 3 !98 0 ! 0
10 320 0.0002 H-2!L+1 (96%) 97 !0 3 !1 0 ! 99

Appendix B: DFT Calculations
for Ruthenium(II) Complexes
Full TD-DFT results for Ru(II) complexes calculated with
PBE0/LANL2DZ/6-31G(d)/PCM. "bpy A" represents the bpy
ligand trans to the triazole ring while "bpy B" represents the
ligand trans to the pyridyl ring of the pytri ligand.
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Table B.1: TD-DFT calculations with PBE0/LANL2DZ/6-31G(d) for
[Ru(bpy)3]2+.
Transition #  (nm) f MO conguration
1 431 0.0001 HOMO!LUMO+1 (95%)
2 431 0.0001 HOMO!LUMO+2 (95%)
3 428 0.0014 HOMO!LUMO (99%)




5 399 0.0133 HOMO-2!LUMO+2 (10%),
HOMO-1!LUMO (73%)
6 399 0.0133 HOMO-2!LUMO (73%),
HOMO-2!LUMO+1 (10%),
HOMO-1!LUMO+2 (10%)
7 387 0.1402 HOMO-2!LUMO (12%),
HOMO-2!LUMO+1 (33%),
HOMO-1!LUMO+2 (33%)
8 387 0.1406 HOMO-2!LUMO+2 (33%),
HOMO-1!LUMO (12%),
HOMO-1!LUMO+1 (33%)




10 327 0.0071 HOMO!LUMO+3 (97%)
Table B.2: TD-DFT data with Mulliken analysis for [Ru(rBn)(bpy)2]2+.
#  (nm) f MO conguration Ru tri py bpy A bpy B Bn
1 428 0.0007 HOMO!LUMO (71%),
HOMO!LUMO+1 (25%)
81!3 3!0 3!1 6!62 6!34 0!0
2 420 0.0008 HOMO!LUMO (25%),
HOMO!LUMO+1 (71%)
81!4 3!0 3!0 6!33 6!62 0!0
3 401 0.0003 HOMO-2!LUMO (25%),
HOMO-1!LUMO (44%),
HOMO-1!LUMO+1 (29%)
76!3 4!0 5!1 7!60 7!36 0!0
4 393 0.0017 HOMO-2!LUMO+1 (20%),
HOMO-1!LUMO (37%),
HOMO-1!LUMO+1 (37%)
76!4 4!0 5!0 7!42 7!53 0!0
5 385 0.1460 HOMO-2!LUMO (65%),
HOMO-1!LUMO+1 (24%)
76!3 3!1 3!3 9!60 9!33 0!0
6 374 0.0131 HOMO!LUMO+2 (89%) 81!4 3!23 3!71 6!1 6!1 0!0
7 369 0.0827 HOMO-2!LUMO+1 (67%),
HOMO-1!LUMO (13%)
76!4 3!2 3!5 9!26 9!62 0!0
8 350 0.0004 HOMO-2!LUMO+2 (93%) 76!4 2!23 2!71 10!1 10!1 0!0
9 335 0.0627 HOMO-1!LUMO+2 (76%) 76!6 5!20 5!63 7!5 7!6 0!0
10 322 0.0055 HOMO-1!LUMO+11 (16%),
HOMO!LUMO+11 (42%)
79!43 4!3 4!11 7!23 7!19 0!1
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Table B.3: TD-DFT data with Mulliken analysis for [Ru(rPh)(bpy)2]2+.
#  (nm) f MO conguration Ru tri py bpy A bpy B Ph
1 425 0.0008 HOMO!LUMO (67%),
HOMO!LUMO+1 (29%)
79!3 4!0 3!1 6!58 6!38 3!0
2 418 0.0006 HOMO!LUMO (29%),
HOMO!LUMO+1 (67%)
79!4 4!0 3!0 6!38 6!58 3!0
3 398 0.0003 HOMO-2!LUMO (22%),
HOMO-1!LUMO (37%),
HOMO-1!LUMO+1 (37%)
74!3 4!0 5!1 7!54 7!42 2!0
4 392 0.0024 HOMO-2!LUMO+1 (21%),
HOMO-1!LUMO (46%),
HOMO-1!LUMO+1 (25%)
74!4 4!0 5!1 8!49 7!47 2!0
5 384 0.1439 HOMO-2!LUMO (65%),
HOMO-1!LUMO+1 (25%)
75!3 3!1 3!4 9!56 9!35 1!0
6 375 0.0120 HOMO!LUMO+2 (85%) 79!4 4!22 3!63 6!5 6!4 2!2
7 368 0.0960 HOMO-2!LUMO+1 (68%),
HOMO-1!LUMO (12%)
75!5 3!2 3!5 10!27 9!61 1!0
8 351 0.0006 HOMO-2!LUMO+2 (88%) 75!4 2!23 2!67 11!2 10!2 0!2
9 336 0.0579 HOMO-1!LUMO+2 (76%) 75!6 5!21 5!63 7!2 6!6 2!1
10 323 0.0055 HOMO-1!LUMO+10 (24%),
HOMO!LUMO+10 (40%)
77!47 4!6 4!12 6!14 7!16 2!5
Table B.4: TD-DFT data with Mulliken analysis for [Ru(i Bn)(bpy)2]2+.
#  (nm) f MO conguration Ru tri py bpy A bpy B Bn
1 414 0.0003 HOMO!LUMO (69%),
HOMO!LUMO+1 (21%)
75!3 10!4 1!5 4!61 7!28 2!0
2 404 0.0008 HOMO!LUMO (13%),
HOMO!LUMO+1 (64%),
HOMO!LUMO+2 (13%)
75!4 10!7 2!10 4!22 7!57 2!0
3 401 0.0038 HOMO!LUMO (13%),
HOMO!LUMO+2 (71%)
75!5 10!28 2!40 4!14 7!12 2!0
4 390 0.0026 HOMO-1!LUMO (73%),
HOMO-1!LUMO+1 (17%)
73!3 7!3 5!5 7!65 7!25 1!0
5 380 0.0175 HOMO-2!LUMO+1 (16%),
HOMO-1!LUMO (19%),
HOMO-1!LUMO+1 (48%)
74!4 6!5 5!7 8!27 7!58 1!0
6 373 0.0767 HOMO-2!LUMO (75%),
HOMO-2!LUMO+2 (15%)
75!3 1!8 3!11 12!62 8!17 0!0




74!5 3!24 4!35 10!17 8!18 1!0




74!5 3!16 4!23 10!10 8!47 0!0
9 345 0.0095 HOMO-2!LUMO+1 (26%),
HOMO-1!LUMO+2 (43%)
74!5 5!21 4!33 9!11 8!29 1!0
10 322 0.0003 HOMO-2!LUMO+9 (11%),
HOMO-1!LUMO+9 (28%),
HOMO!LUMO+9 (31%)
74!55 8!3 3!10 6!8 7!16 2!9
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Table B.5: TD-DFT data with Mulliken analysis for [Ru(i Ph)(bpy)2]2+.
#  (nm) f MO conguration Ru tri py bpy A bpy B Ph
1 412 0.0010 HOMO-1!LUMO (11%),
HOMO!LUMO (60%),
HOMO!LUMO+1 (16%)
54!2 17!4 2!6 3!61 5!26 19!0
2 404 0.0076 HOMO!LUMO (17%),
HOMO!LUMO+1 (39%),
HOMO!LUMO+2 (21%)
55!4 17!12 2!16 3!26 5!42 18!0
3 401 0.0009 HOMO-1!LUMO+2 (23%),
HOMO!LUMO+1 (18%),
HOMO!LUMO+2 (42%)
59!5 14!23 3!32 4!11 5!28 14!1
4 391 0.0048 HOMO-1!LUMO (67%),
HOMO-1!LUMO+1 (13%)
71!2 5!5 5!6 7!63 6!24 6!0
5 382 0.0309 HOMO-2!LUMO+2 (15%),
HOMO-1!LUMO (16%),
HOMO-1!LUMO+1 (44%)
72!4 4!7 5!10 8!27 6!51 4!0
6 376 0.0213 HOMO-2!LUMO (50%),
HOMO-2!LUMO+1 (18%),
HOMO-2!LUMO+2 (19%)
74!3 2!13 4!17 12!42 8!24 1!0
7 372 0.1359 HOMO-2!LUMO (43%),
HOMO-1!LUMO+2 (20%),
HOMO!LUMO+2 (11%)
72!4 4!16 4!23 10!37 7!19 3!1
8 367 0.1173 HOMO-2!LUMO+1 (26%),
HOMO-2!LUMO+2 (43%),
HOMO-1!LUMO+1 (16%)
74!5 2!18 4!24 11!12 7!40 1!1
9 348 0.0073 HOMO-2!LUMO+1 (33%),
HOMO-1!LUMO+2 (26%),
HOMO!LUMO+2 (12%)
71!5 5!19 4!27 9!14 7!34 4!1
10 322 0.0001 HOMO-2!LUMO+10 (12%),
HOMO-1!LUMO+10 (53%),
HOMO!LUMO+10 (12%)
69!62 6!2 4!9 7!9 6!17 7!1
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Calculated RuN bond lengths and spin densities for the
[Ru(pytri)(bpy)2]
2+ complexes. The values in bold are the
bond lengths which are most dierent from the ground state
(GS).
Table B.6: RuN bond lengths (Å) and spin densities of [Ru(i-Ph)(bpy)2]2+
in its ground and triplet excited states calculated with PBE0/LANL2DZ/6-
31G(d)/PCM (method A).
RuN Bond GS 3MLCT 3MCtri 3MCpy
ra+ 2.050 2.091 2.512 2.132
ra  2.078 2.032 2.381 2.088
rb+ 2.107 2.116 2.164 2.631
rb  2.074 2.066 2.089 2.392
rc+ 2.083 2.047 2.155 2.091
rc  2.087 2.115 2.094 2.148
Ru Spin  0.96 1.87 1.89
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Table B.7: RuN bond lengths (Å) and spin densities of [Ru(i-Ph)(bpy)2]2+
in its ground and triplet excited states calculated with PBE0/LANL2DZ/6-
311G(d,p)/PCM (method B).
RuN Bond GS 3MLCT 3MCtri 3MCpy
ra+ 2.050 2.088 2.510 2.137
ra  2.078 2.038 2.376 2.094
rb+ 2.107 2.116 2.166 2.582
rb  2.075 2.069 2.091 2.386
rc+ 2.083 2.051 2.154 2.092
rc  2.087 2.115 2.097 2.150
Ru Spin  0.98 1.89 1.91
Table B.8: RuN bond lengths (Å) and spin densities of [Ru(i-Bn)(bpy)2]2+
in its ground and triplet excited states calculated with PBE0/LANL2DZ/6-
31G(d)/PCM (method A).
RuN Bond GS 3MLCT 3MCtri 3MCpy
ra+ 2.050 2.090 2.535 2.132
ra  2.077 2.032 2.380 2.088
rb+ 2.107 2.115 2.165 2.631
rb  2.074 2.067 2.092 2.392
rc+ 2.083 2.047 2.145 2.091
rc  2.087 2.112 2.086 2.148
Ru Spin  0.96 1.87 1.89
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Table B.9: RuN bond lengths (Å) and spin densities of [Ru(i-Bn)(bpy)2]2+
in its ground and triplet excited states calculated with PBE0/LANL2DZ/6-
311G(d,p)/PCM (method B).
RuN Bond GS 3MLCT 3MCtri 3MCpy
ra+ 2.050 2.087 2.533 2.127
ra  2.078 2.039 2.378 2.088
rb+ 2.107 2.115 2.169 2.578
rb  2.074 2.070 2.094 2.378
rc+ 2.083 2.050 2.144 2.154
rc  2.087 2.112 2.089 2.093
Ru Spin  0.99 1.90 1.91
Table B.10: RuN bond lengths (Å) and spin densities of
[Ru(i-Bn)(bpy)2]2+ in its ground and triplet excited states calculated
with PBE0/SDD/6-311G(d,p)/PCM (method C).
RuN Bond GS 3MLCT 3MCtri 3MCpy
ra+ 2.035 2.070 2.499 2.113
ra  2.068 2.035 2.361 2.075
rb+ 2.093 2.104 2.155 2.578
rb  2.064 2.063 2.084 2.359
rc+ 2.072 2.045 2.129 2.139
rc  2.076 2.100 2.075 2.081
Ru Spin  1.00 1.88 1.90
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Table B.11: RuN bond lengths (Å) and spin densities of
[Ru(r-Ph)(bpy)2]2+ in its ground and triplet excited states calculated
with PBE0/LANL2DZ/6-31G(d)/PCM (method A).
RuN Bond GS 3MLCT 3MCtri 3MCpy
ra+ 2.060 2.095 2.508 2.124
ra  2.079 2.038 2.426 2.092
rb+ 2.120 2.120 2.158 2.591
rb  2.075 2.073 2.092 2.401
rc+ 2.084 2.045 2.156 2.092
rc  2.084 2.113 2.096 2.154
Ru Spin  0.97 1.89 1.89
Table B.12: RuN bond lengths (Å) and spin densities of
[Ru(r-Ph)(bpy)2]2+ in its ground and triplet excited states calculated
with PBE0/LANL2DZ/6-311G(d,p)/PCM (method B).
RuN Bond GS 3MLCT 3MCtri 3MCpy
ra+ 2.060 2.093 2.501 2.126
ra  2.080 2.044 2.420 2.094
rb+ 2.119 2.119 2.157 2.583
rb  2.076 2.076 2.094 2.395
rc+ 2.084 2.049 2.156 2.094
rc  2.083 2.112 2.098 2.154
Ru Spin  1.00 1.92 1.91
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Table B.13: RuN bond lengths (Å) and spin densities of
[Ru(r-Ph)(bpy)2]2+ in its ground and triplet excited states calculated
with PBE0/SDD/6-31G(d,p)/PCM (method C).
RuN Bond GS 3MLCT 3MCtri 3MCpy
ra+ 2.045 2.078 2.489 2.110
ra  2.068 2.039 2.401 2.082
rb+ 2.105 2.108 2.142 2.579
rb  2.065 2.067 2.083 2.378
rc+ 2.072 2.043 2.143 2.081
rc  2.072 2.100 2.084 2.140
Ru Spin  1.01 1.90 1.91
Table B.14: RuN bond lengths (Å) and spin densities of
[Ru(r-Bn)(bpy)2]2+ in its ground and triplet excited states calculated
with PBE0/LANL2DZ/6-31G(d)/PCM (method A).
RuN Bond GS 3MLCT 3MCtri 3MCpy
ra+ 2.062 2.093 2.509 2.127
ra  2.078 2.039 2.409 2.089
rb+ 2.119 2.118 2.156 2.607
rb  2.074 2.074 2.094 2.399
rc+ 2.081 2.044 2.155 2.148
rc  2.085 2.114 2.092 2.089
Ru Spin  0.97 1.89 1.89
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Table B.15: RuN bond lengths (Å) and spin densities of
[Ru(r-Bn)(bpy)2]2+ in its ground and triplet excited states calculated
with PBE0/LANL2DZ/6-311G(d,p)/PCM (method B).
RuN Bond GS 3MLCT 3MCtri 3MCpy
ra+ 2.062 2.091 2.504 2.124
ra  2.079 2.044 2.400 2.093
rb+ 2.118 2.118 2.155 2.614
rb  2.074 2.076 2.097 2.390
rc+ 2.081 2.048 2.155 2.094
rc  2.086 2.113 2.094 2.150
Ru Spin  1.00 1.91 1.91
Table B.16: RuN bond lengths (Å) and spin densities of
[Ru(r-Bn)(bpy)2]2+ in its ground and triplet excited states calculated
with PBE0/SDD/6-311G(d,p)/PCM (method C).
RuN Bond GS 3MLCT 3MCtri 3MCpy
ra+ 2.048 2.076 2.485 2.111
ra  2.068 2.039 2.386 2.079
rb+ 2.105 2.108 2.142 2.594
rb  2.063 2.067 2.083 2.376
rc+ 2.069 2.042 2.142 2.080
rc  2.074 2.101 2.080 2.135
Ru Spin  1.01 1.90 1.91
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Table B.17: RuN bond lengths (Å) and spin densities of [Ru(bpy)3]2+ in
its ground and triplet excited states calculated with PBE0/LANL2DZ/6-
311G(d,p)/PCM (method B).
RuN Bond GS 3MLCT 3MC
ra+ 2.084 2.051 2.098
ra  2.085 2.113 2.146
rb+ 2.084 2.051 2.098
rb  2.084 2.113 2.152
rc+ 2.084 2.086 2.443
rc  2.084 2.086 2.440
Ru Spin  1.01 1.91
Table B.18: RuN bond lengths (Å) and spin densities of [Ru(bpy)3]2+
in its ground and triplet excited states calculated with PBE0/SDD/6-
311G(d,p)/PCM (method C).
RuN Bond GS 3MLCT 3MC
ra+ 2.084 2.045 2.085
ra  2.084 2.100 2.136
rb+ 2.084 2.045 2.085
rb  2.084 2.100 2.136
rc+ 2.084 2.075 2.424
rc  2.085 2.075 2.424
Ru Spin  1.02 1.88
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Figure B.1: Energies of the 3MC states of the [Ru(N bN)(bpy)2]2+
complexes relative to their 3MLCT states as calculated with
PBE0/LANL2DZ/6-31G(d) with the PCM model for CH2Cl2 (method A).
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Figure B.2: Energies of the 3MC states of the [Ru(N bN)(bpy)2]2+
complexes relative to their 3MLCT states as calculated with





Full TD-DFT data for the compounds in Chapter 5 with Mul-
liken analysis.
Table C.1: TD-DFT data with Mulliken analysis for [Pt(pytri)2]2+.
#  (nm) f MO conguration Pt Me py tri
1 333 0 HOMO-1!LUMO+2 (97%) 96!57 0!1 2!23 2!19
2 327 0.0082 HOMO-1!LUMO (100%) 96!5 0!0 2!62 2!32
3 320 0.0109 HOMO!LUMO (88%) 28!5 1!0 39!62 32!32
4 307 0 HOMO-4!LUMO+2 (19%),
HOMO-3!LUMO+2 (15%),
HOMO!LUMO+2 (60%)
37!55 1!1 34!25 28!19
5 292 0.2904 HOMO-3!LUMO (92%) 55!5 0!0 39!62 5!32
6 292 0 HOMO-2!LUMO (96%) 0!5 1!0 59!62 40!32
7 290 0 HOMO-1!LUMO+1 (85%) 89!11 0!0 6!65 5!24
8 288 0 HOMO-4!LUMO+2 (18%),
HOMO-3!LUMO+2 (67%),
HOMO-1!LUMO+1 (10%)
58!51 0!1 31!29 10!20
9 277 0 HOMO-4!LUMO+1 (10%),
HOMO!LUMO+1 (84%)
29!3 1!0 38!71 32!25
10 275 0.1662 HOMO-4!LUMO (83%) 44!5 1!0 19!62 36!33
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Table C.2: TD-DFT data with Mulliken analysis for [Pt(pytri)Cl2].
#  (nm) f MO conguration PtCl2 Me py tri
1 393 0.0002 HOMO!LUMO+1 (94%) 92!78 0!0 5!11 3!10
2 390 0.0004 HOMO-2!LUMO+1 (82%),
HOMO!LUMO (15%)
98!67 0!0 1!20 1!12
3 367 0.0000 HOMO-1!LUMO+1 (97%) 88!78 0!0 6!11 6!10
4 365 0.0051 HOMO-2!LUMO+1 (17%),
HOMO!LUMO (75%)
94!21 0!0 4!57 3!22
5 362 0.0005 HOMO-3!LUMO+1 (88%) 97!74 0!0 2!14 2!11
6 353 0.0031 HOMO-2!LUMO (94%) 99!6 0!0 1!69 1!25
7 333 0.0999 HOMO-1!LUMO (93%) 88!6 0!0 6!68 6!26
8 328 0.0000 HOMO-3!LUMO (93%) 97!6 0!0 1!69 2!25
9 293 0.0000 HOMO-4!LUMO (98%) 98!6 0!0 2!69 0!25
10 289 0.0070 HOMO-5!LUMO (10%),
HOMO!LUMO+2 (86%)
84!2 0!1 9!79 7!19
Table C.3: TD-DFT data with Mulliken analysis for [Pt(pytri)(CCPh)2].
"CCPh A" represents the phenylacetylide ligand trans to the pyridyl ring
while "CCPh B" represents the ligand trans to the triazole ring.
#  (nm) f MO conguration Pt Me py tri CCPh A CCPh B
1 464 0.0758 HOMO!LUMO (96%) 13!4 0!0 1!69 0!24 64!2 21!1
2 425 0.2092 HOMO-1!LUMO (96%) 16!4 0!0 2!69 2!24 19!2 61!1
3 392 0.0059 HOMO-2!LUMO (98%) 21!4 0!0 1!69 1!24 61!2 16!1
4 357 0.0375 HOMO!LUMO+1 (96%) 13!2 0!1 1!71 0!25 65!1 20!0
5 349 0.0046 HOMO-4!LUMO (97%) 0!4 0!0 0!69 0!24 98!2 2!1
6 340 0.0195 HOMO-1!LUMO+1 (60%),
HOMO!LUMO+2 (38%)
15!2 0!2 2!52 2!43 36!0 46!1
7 337 0.0021 HOMO-3!LUMO (92%) 5!4 0!0 2!67 1!25 28!2 64!1
8 334 0.0743 HOMO-1!LUMO+1 (36%),
HOMO!LUMO+2 (56%)
14!2 0!2 2!42 1!53 45!0 38!1
9 317 0.1706 HOMO-1!LUMO+2 (92%) 16!2 0!2 2!23 2!71 19!0 60!2
10 309 0.0023 HOMO-2!LUMO+1 (96%) 21!2 0!1 1!71 1!25 61!1 16!0
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Table C.4: TD-DFT with Mulliken analysis for [Pt(pytri)(OOPh)]. The
Oxygen atom trans to the pyridine and triazole rings are denoted 'O-py' and
'O-tri' respectively. The benzene ring of the catecholate ligand is denoted
'Ph'.
#  (nm) f MO conguration Pt Me py tri O-py O-tri Ph
1 617 0.1227 HOMO!LUMO (99%) 7!6 0!0 2!68 2!23 17!1 16!1 56!1
2 463 0.0027 HOMO!LUMO+1 (99%) 7!1 0!1 2!82 2!16 17!0 16!0 56!0
3 438 0.0086 HOMO-1!LUMO (92%) 15!6 0!0 1!67 1!25 10!1 11!1 62!1
4 432 0 HOMO!LUMO+3 (98%) 7!58 0!1 2!11 2!9 17!9 16!9 56!4
5 429 0.0254 HOMO!LUMO+2 (96%) 8!2 0!4 2!14 2!80 17!0 15!0 56!0
6 369 0.0021 HOMO-2!LUMO (97%) 77!6 0!0 0!68 0!23 9!1 8!1 6!1
7 340 0.008 HOMO-1!LUMO+1 (96%) 14!1 0!1 1!82 1!16 10!0 11!0 64!0
8 340 0 HOMO-3!LUMO+3 (15%),
HOMO-1!LUMO+3 (79%)
22!56 0!1 2!13 2!9 9!9 9!9 57!4
9 331 0.0047 HOMO-3!LUMO (43%),
HOMO-1!LUMO+2 (46%)
35!6 0!2 4!39 3!51 6!1 6!1 45!1
10 327 0.0139 HOMO-3!LUMO (43%),
HOMO-1!LUMO+2 (43%)
36!4 0!2 4!43 4!50 5!1 6!1 44!1
Table C.5: TD-DFT data with Mulliken analysis for [Pt(pytri)(SSPh)].
The Sulfur atom trans to the pyridine and triazole rings are denoted 'S-py'
and 'S-tri' respectively. The benzene ring of the dithiolate ligand is denoted
'Ph'.
#  (nm) f MO conguration Pt Me py tri S-py S-tri Ph
1 521 0.1247 HOMO!LUMO (98%) 14!4 0!0 2!70 2!23 26!1 23!1 33!0
2 466 0.0000 HOMO!L+2 (98%) 14!40 0!0 2!9 2!8 26!21 23!20 33!2
3 464 0.0091 HOMO-1!LUMO (96%) 18!4 0!0 1!70 1!23 23!1 26!1 31!0
4 413 0.0002 HOMO-1!L+2 (95%) 19!40 0!0 1!9 1!8 22!21 25!20 32!2
5 406 0.0028 HOMO!L+1 (99%) 14!1 0!1 2!80 2!18 26!0 23!0 33!0
6 375 0.0185 HOMO!L+3 (95%) 14!2 0!3 2!16 2!79 26!0 23!0 33!0
7 359 0.0129 HOMO-1!L+1 (94%) 18!1 0!1 1!78 1!20 23!0 26!0 31!0
8 358 0.0018 HOMO-2!LUMO (97%) 90!4 0!0 0!70 0!23 5!1 5!1 1!0
9 357 0.0059 HOMO-2!L+2 (87%) 83!37 0!1 0!9 0!14 6!19 6!18 3!2





Full TD-DFT data for the compounds in Chapter 6 with Mul-
liken analysis.
Table D.1: TD-DFT data with Mulliken analysis for [Re(CO)3(pytri)Br].
#  (nm) f MO conguration Re(CO)3Br Bn py tri
1 397 0.0022 HOMO!LUMO (98%) 98!9 0!0 1!67 1!23
2 384 0.0479 HOMO-1!LUMO (98%) 97!9 0!0 1!67 2!23
3 334 0.0003 HOMO-2!LUMO (98%) 99!9 0!0 1!67 1!23
4 314 0.0028 HOMO!LUMO+1 (97%) 98!2 0!1 1!79 1!18
5 309 0.0014 HOMO-1!LUMO+1 (98%) 97!2 0!1 1!79 2!18
6 305 0.0078 HOMO!LUMO+2 (80%) 98!13 0!9 1!17 1!61
7 301 0.0049 HOMO-1!LUMO+2 (41%),
HOMO-1!LUMO+3 (36%),
HOMO!LUMO+3 (14%)
97!54 0!7 1!9 1!30
8 298 0.0083 HOMO-3!LUMO (49%),
HOMO-1!LUMO+3 (23%),
HOMO!LUMO+3 (10%)
79!38 11!2 3!41 7!18
9 297 0.0070 HOMO-3!LUMO (33%),
HOMO-1!LUMO+3 (27%),
HOMO!LUMO+3 (14%)
86!46 6!4 3!33 5!17
10 295 0.0091 HOMO-1!LUMO+2 (39%),
HOMO!LUMO+3 (37%)
96!48 0!4 2!16 1!32
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Table D.2: TD-DFT data with Mulliken analysis for
[Re(CO)3(TPApytri)Br]. "Ph" represents the phenyl ring pendant
to the pyridyl ring.
#  (nm) f MO conguration Re(CO)3Br Bn py tri Ph NPh2
1 463 0.4691 HOMO!LUMO (99%) 0!7 0!0 5!60 1!21 27!9 68!2)
2 400 0.0030 HOMO-1!LUMO (98%) 98!7 0!0 1!60 1!21 0!9 0!2
3 387 0.0406 HOMO-2!LUMO (98%) 97!7 0!0 1!60 1!21 0!9 0!2
4 375 0.2318 HOMO!LUMO+1 (96%) 0!5 0!1 5!71 1!12 27!9 68!2
5 335 0.0001 HOMO-3!LUMO (95%) 97!7 0!0 1!60 1!21 0!9 1!2
6 330 0.0085 HOMO!LUMO+2 (95%) 0!10 0!8 5!18 1!63 27!1 68!0
7 321 0.0019 HOMO-1!LUMO+1 (95%) 98!5 0!1 1!71 1!12 0!9 0!2
8 317 0.0249 HOMO!LUMO+4 (10%),
HOMO!LUMO+5 (83%)
0!14 0!0 5!2 1!2 27!36 68!47
9 316 0.0050 HOMO-2!LUMO+1 (96%) 97!5 0!1 1!71 1!12 0!9 0!2
10 306 0.3237 HOMO-4!LUMO (53%) 19!11 1!1 16!47 8!25 19!11 37!5
Table D.3: TD-DFT data with Mulliken analysis for [Pt(TPApytri)Cl2].
"Ph" represents the phenyl ring pendant to the pyridyl ring.
#  (nm) f MO conguration PtCl2 Bn py tri Ph NPh2
1 485 0.5039 HOMO!LUMO (99%) 0!5 0!0 5!62 1!22 28!9 66!2
2 406 0.0179 HOMO-1!LUMO+1 (13%),
HOMO!LUMO+1 (85%)
12!76 0!1 5!12 1!10 24!1 57!0
3 391 0.0020 HOMO-3!LUMO+1 (24%),
HOMO-1!LUMO+1 (53%),
HOMO!LUMO+1 (11%)
80!73 0!1 4!14 3!11 4!1 9!0
4 390 0.0106 HOMO-3!LUMO+1 (58%),
HOMO-1!LUMO (10%),
HOMO-1!LUMO+1 (24%)
92!69 0!1 2!17 2!11 1!1 2!0
5 382 0.2363 HOMO!LUMO+2 (95%) 0!3 0!1 5!74 1!12 28!8 66!2
6 368 0.0002 HOMO-2!LUMO+1 (94%) 86!76 1!1 6!12 6!10 0!1 0!0
7 366 0.0051 HOMO-3!LUMO+1 (15%),
HOMO-1!LUMO (77%)
89!17 0!0 5!53 3!20 1!8 2!2
8 362 0.0005 HOMO-5!LUMO+1 (86%) 91!74 0!1 2!13 2!10 1!1 4!0
9 353 0.0025 HOMO-3!LUMO (94%) 98!5 0!0 1!62 1!22 0!9 0!2
10 338 0.0696 HOMO-2!LUMO (72%),
HOMO!LUMO+3 (22%)
66!4 1!2 6!50 5!35 7!7 16!2
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Table D.4: TD-DFT data with Mulliken analysis for
[Pt(TPApytri)(CCPh)2]. "CCPh A" represents the phenylacetylide
ligand trans to the pyridyl ring while "CCPh B" represents the ligand
trans to the triazole ring. "Ph" represents the phenyl ring pendant to the
pyridyl ring.
#  (nm) f MO conguration Pt Bn py tri Ph NPh2 CCPh A CCPh B
1 472 0.0035 HOMO-1!LUMO (65%),
HOMO!LUMO (29%)
12!4 0!0 2!59 1!21 8!10 20!2 36!2 22!2
2 462 0.5570 HOMO-1!LUMO (32%),
HOMO!LUMO (64%)
6!4 0!0 4!59 1!21 17!10 43!2 18!2 11!2
3 430 0.1645 HOMO-2!LUMO (91%) 19!4 0!0 2!59 2!21 2!10 4!2 25!2 45!2
4 394 0.0060 HOMO-3!LUMO (97%) 26!4 0!0 1!59 1!21 0!10 0!2 46!2 25!2
5 372 0.2863 HOMO-1!LUMO+1 (14%),
HOMO!LUMO+1 (82%)
3!2 0!1 4!64 1!16 23!10 56!2 8!2 6!1
6 365 0.0034 HOMO-1!LUMO+1 (79%),
HOMO!LUMO+1 (13%)
14!2 0!1 1!64 0!16 4!10 10!2 43!2 26!1
7 351 0.0038 HOMO-5!LUMO (91%) 87!4 0!0 1!59 0!21 0!10 0!2 4!2 8!2
8 347 0.0393 HOMO-2!LUMO+1 (84%),
HOMO-1!LUMO+2 (11%)
20!3 0!2 2!60 2!21 0!9 0!2 31!2 45!2
9 337 0.0004 HOMO-4!LUMO (91%) 11!4 0!0 1!59 1!21 0!10 0!2 36!2 51!2
10 336 0.0989 HOMO-1!LUMO+2 (79%) 16!3 0!7 1!28 1!54 2!2 6!0 45!1 29!6
Table D.5: TD-DFT data with Mulliken analysis for [Ru(pytri)(bpy)2]2+.
The bpy ligand trans to the pyridyl ring is designated "bpy A" while "bpy
B" represents the ligand trans to the triazole ring.
#  (nm) f MO conguration Ru Bn tri pyr bpy A bpy B
1 452 0.0007 HOMO!LUMO (80%),
HOMO!LUMO+1 (18%)
83!3 0!0 3!0 3!1 6!29 6!67
2 444 0.0006 HOMO!LUMO (18%),
HOMO!LUMO+1 (80%)
83!4 0!0 3!0 3!0 6!67 6!28




77!3 0!0 4!0 4!1 7!32 7!64





77!4 0!0 4!0 4!0 7!55 7!40
5 405 0.1322 HOMO-2!LUMO (62%),
HOMO-1!LUMO+1
(26%)
77!3 0!0 3!1 3!4 8!33 8!59
6 394 0.012 HOMO!LUMO+2 (90%) 83!4 0!0 3!22 3!67 6!3 6!3
7 388 0.0789 HOMO-2!LUMO+1
(68%), HOMO-1!LUMO
(12%)
77!4 0!0 3!2 3!6 9!63 9!25
8 369 0.0005 HOMO-2!LUMO+2
(92%)
77!4 0!0 2!23 2!71 9!1 10!1
9 353 0.0548 HOMO-1!LUMO+2
(73%)
78!10 0!1 5!19 5!59 6!7 6!5
10 341 0.0063 HOMO-1!LUMO+10
(20%),
HOMO!LUMO+10 (44%)
80!53 0!10 3!4 3!13 6!14 6!7
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Table D.6: TD-DFT data with Mulliken analysis for
[Ru(TPApytri)(bpy)2]2+. The bpy ligand trans to the pyridyl ring
is designated "bpy A" while "bpy B" represents the ligand trans to the
triazole ring. "Ph" represents the phenyl ring pendant to the pyridyl ring.
#  (nm) f MO conguration Ru Bn py tri Ph NPh2 bpy A bpy B
1 547 0.0059 HOMO!LUMO (94%) 0!3 0!0 5!1 1!0 27!0 67!0 0!24 0!72
2 519 0.0027 HOMO!LUMO+1 (94%) 0!5 0!0 5!0 1!0 27!0 67!0 0!72 0!23
3 472 0.5012 HOMO!LUMO+2 (98%) 0!3 0!0 5!62 1!21 27!10 67!2 0!1 0!1
4 454 0.0011 HOMO-1!LUMO (76%),
HOMO-1 !LUMO+1 (21%)
82!3 0!0 3!1 3!0 0!0 0!0 6!33 5!63
5 447 0.0005 HOMO-1!LUMO (21%),
HOMO-1 !LUMO+1 (76%)
82!4 0!0 3!0 3!0 0!0 0!0 6!63 5!32
6 425 0.0005 HOMO-3!LUMO (21%),
HOMO-2!LUMO (48%),
HOMO-2!LUMO+1 (29%)
77!3 1!0 4!1 4!0 0!0 0!0 7!37 7!59




77!4 1!0 4!0 4!0 0!0 0!0 7!52 7!44
8 407 0.1366 HOMO-3!LUMO (66%),
HOMO-2!LUMO+1 (27%)
76!3 0!0 3!2 3!1 0!0 1!0 8!36 9!58
9 405 0.0820 HOMO!LUMO+3 (91%) 0!2 0!0 5!17 1!3 27!1 67!0 0!31 0!45
10 394 0.0117 HOMO-1 !LUMO+2 (89%) 82!3 0!0 3!62 3!21 0!10 0!2 6!1 5!1
11 390 0.0763 HOMO-3!LUMO+1 (63%),
HOMO-2!LUMO (12%)
76!4 0!0 3!4 3!2 0!1 1!0 8!61 9!28
12 378 0.1000 HOMO!LUMO+5 (85%) 0!2 0!0 5!48 1!5 27!4 67!1 0!22 0!18
13 369 0.0004 HOMO-3!LUMO+2 (12%),
HOMO!LUMO+4 (85%)
9!3 0!0 5!9 1!3 24!1 59!0 1!50 1!34
14 369 0.0011 HOMO-3!LUMO+2 (77%),
HOMO!LUMO+4 (13%)
65!3 0!0 3!53 2!18 4!9 10!2 8!9 8!6
15 363 0.0056 HOMO!LUMO+6 (95%) 0!2 0!0 5!3 1!0 27!0 67!0 0!14 0!79
16 356 0.0499 HOMO-2!LUMO+2 (74%) 77!4 1!0 4!56 5!19 0!9 0!3 7!5 6!4
